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FOREWORD .

This report is a consolidation of three draft reports submitted in
1967 and 1968 to the U. S. Army Tank-Automotive Command in connection with
8 cost-effectiveness study euthorized by the U, S. Army Materiel Command.
The study herein was performed at the U. S. Army Engineer Waterways Experi-
ment Station (WES) in April-May 1967, September-October 1967, and May-June
1968 by personnel of the Obstacle-Vehicle Studies Section, Mobility and
Environmental Division. General supervision was provided by Messrs. W. J.
Turnbull, W. G. Shockley, A. A. Rula, and J. K. Stoll. The report was
prepared by Messrs. Stoll, Rula, and D. D. Randolph,

Acknowledgment is made for vehicle data provided by the U. S. Army
Tank-Automotive Command; Office, Chief of Engineers; U. S. Army Ordnance

Corps; Military Research and Development Center, Thailand; Pacific Car
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COL John R. Oswalt, Jr., CE, aqd COL Levi A. Brown, CE, were Directofs
of WES during the corduct of this study and preparation of this report. 3
Mr. J. B. Tiffany and Mr. F. R. Brown were Technical Directors.
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é' CONVERSION FACTORS, BRITISH TO METRIC UNITS OF MEASUREMENT
% British units of measurement used in this report can be convarted to metric
i dnits as follows:
3
% Multiply By To Obtain
? inches 2.54 centimeters : ]
? square inches 6.4516 square centimeters
L feet " 0.3048 meters
. cubic reet 0.0283168 cubic meters
© pounds :- 0.45359237 kilograms
pouunds per square inch 0.070307 kilograms per square centimeter
pounds per cubic foot 16.0185 " kilograms per cubic meter
tons 907.185 kilograms :
miles 1.6093hk kilometers 1 3
. i
miles per hour 1.609344 kilometers per hour :
- square miles 2.58999 square kilcmeters ]
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SUMMARY

The Y. S. Army Engineer Waterweys Experiment Station analytical model
for predicting off-road ground mobility was used to evaluate the per.ormance

of six wheeled vehicles (M656, M54A2, M520, M3TBl, M561, and MT06) and four

tracked vehicles (MS48, Mil3Al, M116, and MST1) over a selected traverse in
Thailand. Maps were prepared to exhibit the terrain in ferms of surface
composition (soil consistency), surface geumetry (slopes, rice-field dikes,
etc.), vegetation, and hydrologic geametry (rivers and streams). The per-
formance of each vehicle was evaluated in terms of average speed over the
traverse and the center line, average fuel consumed over the traverse, and
center-line cargo delivery rate.

The vehicles were "run" over the traverse under dry-season conditions
(€0 or 40 rating cone index) and wet-season conditions (60 or 35 rating
cone index). Four of the vehicles (M656, MShA2, M520, and MSW8) were tested
aiso under wet-secason conditions of 60 or 40 rating cone index. Wet-season
conditions usually reduced vehicle performance. However,isoil strength weas
not as significant as other terrain factors in evaluating the vehicles over
the selected traverse because the soil strengths used were higher than the
vehicle cone indexes of all the vehicles; so no vehicles were immobilized
because of soft soils. .

No one vehicle provided optimum mobility for 211 the terrain conditions
encountered on the traverse over which predictions were made. Further,
neither wheels nor tracks appeared to consistently give better performance.
The M113A1 had the highest average traverse and center-line speeds in the
dry season, and the M5T1 had the highest speeds in the wet. The MSLA2 had
the lowest traverse and center-line speeds in voth seasons. The M571 con-
sumed less fuel on the average in the dry season, and the MS561 and M5T1
consumed the least in the wet. The MSL8 consumed the most in the dry sea-
son and the 60 or 40 rating cone index wet season; the M520 the most in
the 60 or 35 rating cone index wet season. The M520 had the highest deliv-
ery rate in both seasons and the M3TBl the lowest.

A recommendation was made that the mission environment for any new

vehicle be defined in quantitative terms before the new vehicle is duvel yped.

ix




Appendix A describes the WES analytical model in an abbreviated form;
Appendix B, the evaluation of the dynamic response of the MTO6; and Appendix C,
snme additional general analyses of the effects of scil atrength on vehicle
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RELATIVE OFF-ROAD MOBILITY PERFCRMANCE OF
SIX WHEELED AND FOUR TRACKED VEHICLES
IN SELECTED TERRAIN

PART I: INTRODUCTION

Background

‘ 1. In November 1966, responsibility was delegated by the U. S. Army
Materiel Commenc (AMC) to the U. S. Army Tank-Automotive Command (TACOM)
to conduct a cost-effectiveness study for the Department of the Army (DA),
in which the performance of the new M656 truck was to be compared with the
performance of selected standerd vehicles. .Following a limited 1T7-day
study by TACOM, in which a terrain model was used, DA requested further
investigatior. and suggested the use of the more sophisticated Waterways
Experiment Stution (WES) analytical model for predicting off-road ground
mobility performance.

2. In April 1957, the WES undertook the requested study and reported
its findings to TACOM in May 1967 in a draft report entitled "Relative Off-
Road Mobility Performance of the M656, MS54A2, M520, end M548 in Selected
Terrain." This WES report was made a part of the TACOM final report entitlad
"Cost/Perfcrmance Analysis of the M656, M520, MS4A2, and MSL8 Vehicles."

3. In September 1967, the Materiel Studies Review Committee met at
AMC to review the TACOM final report. As a result of that review, the WES
was asked to perform an analysis of the effects of wet-season conditions
on vehicle performance. The results of that analysis were submitted to
TACOM in -October 1967 in a supplement to the first WES‘report. The supple-
ment was titled "Relative Off-Road Mobility Performance of the M656, M5ka2,
M520, and M548 in Selected Terrain; Supplement No. 1, Evaluation of Vehicles
in tre Wet Season." ;

4. The study by WES was later extended to cover an additional group
of vehicles, and a draft report was submitted to TACOM in June 1968, That
report was titled "Relative Off-Road Mobility Performance of the M113Al,
MS5T1, M116, M561, MT06, and M3TBl in a Selected Terrain."
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—— 5. The same analytical model, the seme terrain, and basically the
same evaluation procedures were used throughout the WES investigaticns.
This report, then, is a consolidation of the information contained in the

three draft reports submitted to TACOM and named in the preceding
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paragrapus.
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6. The purpose of this study was to evaluate by use of the WES ana-
lytical model the relative off-road mobility performances over a selected
route of 10 vehicles, 6 wheeled and 4 tracked, in terms of average speed
(mph) ,* fuel consumption (gal/miles), and cargo delivery rate (ton-miles/hr).

T R T RO AT STy
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; T. The scope of the study was governed by the AMC work directive,
i | , availability of terrain and vehicle jata in a form amenable to computer

usage, restrictions imposed by time deadlines, and limitations of the
analytical model. The model is described in detail in a report now in
preparationl and in an abbreviated form in Appendix A, Specific condi-
tions pertaining to the study are discussed in the following paragrephs.
Terrain data

8. The performances of the vehicles were analyzed over one strip of
Thailand terrain for which data were already compiled2 and ready for imme-
diate input to the WES camputer. The analyses included the effects of
soil strength, vegetation, surface geometiry, and hydrologic geometry on
-vehicle performance. The effects of vegetation in obscuring driver vision
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and subsequent effect on vehicle speed were not evalusated.
9. Average soil strength values for the dry season and the wet (high-

moisture condition) season were used.

Vehicle data ‘
10. The follovwing vehicles were included in the study:

* A table of factors for converting British units of measurement to metric
—_ units is presented on page vii.
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Wheeled _ Tracked

M548, carrier, cargo, 6-ton

M113Al, carrier, personnel, full-
tracked, armored

M656, truck, cargo, 5-ton, 8x8

MShA2, truck, cargo, S~ton, €x6

M520, truck, cargoe, 8-ton, lxl4 (GOER) |
M37Bl, truck, cargo, 3/W-ton, hxl M116, carrier, cargo, amphibious,
MS561, truck, cargo, 1-1/2-ton, 6x6 1-1/2~ton

MT706, car, armored, light, Lxlh M5T1, carrier, utility, articulated,

full-tracked, l-ton

11. The eveluvation considered the use of winches, where needed, for
all vehicles except the M113Al, which was assumed t. Le equipped with cap-
stans and anchors of the type being used for self-recovery of this vehicle
in South Vietnam. Pitch articulation of the M561 and yaw and pitch articu-
lation of the M5Tl were considered in their evaluations. The wheeled ve-
hicles were evaluated at a selected tire deflection of 25 percent. Since
no test data were available pertinent to the ability of the MT06 to cross
vertical obstacles, the use of vehicle dynemics modeling techniques was
necessary in computing the performance limits of this vehicle,

12. The effects of special vehicle characteristics such as duck
walking end positive traction were not included in the study because
appropriate quantitative relations were‘ not available. Qualitative
gstatamente however,lare included to explainr adventoges to be gained from
these characteristics.

13. Canparafive performance values were obtained from selected tra-
verses of straight-line segments of terrain thut permitted each vehicle
to travel at its highest rate of speed. An upper-limit spead of 4O mph

was imposed on ail vehicles.
Definitions

14, Certain special terms used in this study are defined as follows:

Soil terms .
Cone index (CI)i An index of the shearing resistance of soil obtained

with a cone penetrometer.
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Remolding index (RI). A ratio that expresses the change of strength :

that may occur under the traffic of a vehicle;
Rating cone index (RCI). The product of the measured cone index and

i s, il

the remolding irdex for the same layer of soil.,

Terrain terms
Terrain factor. A gpecific attribute of the terrain that can be

it e e

adequately described by a single quant’*ative description, e.g. slope.
Terrain factor value. A quantity defining a specific point on the

scale of all possible values of a terrain factor e. g. a 5-degree slope h

Terrain factor class. A category within the total range of values

exhibited by a terrain factor, defined in terms of a specific range of
factor values, e. g. slope class 1, O to 1.5 degrees.
Terrain factor family. A group of related terraia factors that either

alone or in concert tend to produce a characteristic effect on vehicle per-
formance, e. g. slope, obstacle spacing, terrain approach angle, and step
height.

Areal terrain factor complex. Arn areal unit throughout which & specific

assemblage of factor classes occurs.
Linear terrain factor complex. An elongéted unit throughout which a

specific assemblage of factor classes occurs.

Surface geometry. f%he three-dimensional configuration of the surface

on which ground-contact vehicles operate.

Macrogeometry feature. A smooth, sloping surface whose area is greater

than the contact surface of the vehicle operating thereon.

Microgeometry feature. A surface whose area is less than the contact

surface of the vehicle operating thereon.

Vehicle contact surface. The surface generated by a plane passing
through the points of coﬁtact between the vehicle and the surface on which
it is resting.

Terrain spproach angle. The acute angle formed by the intersection

of two ground surface planes (see sketch, page 5).
Hydrologic features. Streams, lakes, and other water bodies with

water depths greater than 3 ft.




VYehicle-soil system terms
Tractive force (Tf). The total thrust developed by the vehicle's

traction elements in propell.ng a vehic : on a level, smooth surface.
Propelling force (Pr). The sum of ~ll forces acting to propel the

-

vehicle,
Motion resistaace. The force required to tow a vehicle under given

conditions. .
Maximum drawbar pull. The largest sustained towing force procuced
by a self-propelled vehicle at its drawbar under given conditions.
Siip. The percentage of wheel or track movementi ineffective in

thrusting & vehicle forward.

Vehicle approach angle. The acute angle formed by a line drawn
tangeat to the vehicle traction components and a line tangent to the
leading edge of the vehicle and the leading edge of the front traction
component (see sketch below).

M60

Vehicle

‘s pproach L\\ . Departure
Qerrain .
Approach : N Angle N §cale 1.109 — Angle

Yo T M )
Msl. o dit t L 8T8 @ odve v 0 6 007 0 ¢ vs 007 1000007700 0 (@07 T0 46777

Vehicle departure angle. The acute angle formed by a line drawn

tangent to the vehicle traction components and a line tangent to the
trailing edge of the vehicle and the tirailing edge of the traction
component (see sketch above).

Vehicle cone index {VCI). The minimum rating cone index (RCI) that
will permit a vehicle to camplete a specified number of passes; thus, VCISo

means the minimum RCI necessary to camplete 50 passes, and VCIl means the
minimum RCI necessary to -~umplete one pass.
Mobility index (MI). A dimensionless number that results from a con-

sideration of certain vehicle characteristics.

5
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PART II: TERRAIN AND PERFORMANCE EVALUATION DATA
USED IN THE STUDY

The Computer Program

Early phases of the study
15. 1In general, the procedures discussed in Appendix A of this report

were llowed in predicting cross-country performance of the four vehicles
evaluated in the early phases of the study; however, some exceptions were
necessary because certain data were lacking.

16. A computer was used to make the camputations and approximations
necessary to predict the average tractive force requirement, aversage speed,
and fuel consumption for each vehicle in each areal terrain unit. The com-
puter program consisted of 11 overleys stored on magnetic tape; they are
called and executed as required to produce the desired output for a given
set of terrain and vehicle data. Data from one overlay needed to perform
the computations on the next are retained in memory storage for &ll 11
overlays. Total size of the program is approximately 35,000 words. At
the time of the early phases of the study, the computer program did not
include overlays for predicting vehicle performance in hydrologic gecmetry
features or in rice fields. Neither were overlays available for predicting
performance as related to the effects of vegetation obscuration on the
driver's vision or obstacle-vehicle geometry interference and maximum trac-
tive force required in crossing microgeometry features. The effects of
these elements on vehicle performance were determined graphically or mathe-
matically and integrated with the results of the computer progr:n.

Later phases
17. Computer programs were prepared to predict vehicle performance in

rice fields and to estimate fuel consumption. These programs were used in

.

conjunction with the basic program used in the early phases of the study.

Terrain Data

18. Because time for this study was limited, an area around Khon Kaen,

6
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Thailand (fig. 1), for which terrain data were immediately available, wes

selected for the vehicle evaluations. The specific route is designated as

TP e S
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Route 1 in plate 1. (Instructions for preparing a map of this type are
given in WES Technical Report No. 3-7263.) The route was a strip approximately
40 miles long and 1 mile wide. Aerial views of segments, at a scale of
1:15,000, are shown in figs. 2-T; the locations shown in these photographs
are identified in plate 2.

19, The area in which Route 1 'is located is classified as tropical

H
4
;
b
3
£
{
ﬁ

savanna and has a very pronounced seasonal distribution of reinfall. The
rainy season coincides with the southwest monsoon which occurs between May
and October and accounts for about 85 percent of the yearly rainfall. The
typhoons of the South China seas that pass over the area normally combine

yearly average rainfall is 42.1 ir. The humidity is highest during the
rainy season; the yearly average is dbout'7l.l percent. The yearly average

A

E with the southwest monsoon in producing torrential rains. The long-term
)

3,

£

: 4

temperature is approximately 26.5 C., with April the wsrmest month (30 c.).
Physiography and soils

20. The geomorphologic features of Route 1 are determined mainly oy
the tremendous alluvial deposits of the Mekong River and its tributaries.

Several well-separated phases of sedimentation and their associated cycles
of erosion can be recognized throughout this complex system, such as allu- 1
vial plains, low terraces, middle terraces, and nigh terraces.

2. The main features of the alluvial plains are the rather prominent

natural levees and basins or backswamps. Sediments are mainly clayey, but

lighter-textured materials are found on the lévees. Narrow valieys of
creeks and drainageways have no natural levees, and the recent alluvial
sediments are mostly lighter in texture and are usualiy similar to the ;
sandy materials widespread in the adjacent areas. The low terraces are
relatively higher than the alluvial plains. In slightly higher parts,

the low terraces are composed mainly of medium- to light-textured sedi-

e e e

ments; in the lower parts, medium- to heavy-textured deposits dominate

the surface layers.
22. The middle terrace formations are of undulating to rolling re-

PSR SA S NIRRT IR

lief.with diverse formations that differ from those of the low terraces
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Aerial rhotograph of segment of Route 1;
Position on route is shown in plate 2, area 1.
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Fig. 4. Aerial photograph of segement of Route 13
Position on route is shown in plate 2, area 3.
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Fig. 5. Aerial photograph of segment of Route 1;
Position on route is shown in plate 2, area L.
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Fig. 7. Aerial Photograph of Segment of Route 1;
Position on route is shown in plate 2, area 6.
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and the alluvial plains. Trey show two distinctly different kinds of sedi-

- ments in the geological succession, clayey lower sirata and sandy upper ones.
Only small areas of high terrace formations sccur. Ercsion through the\years
has left small islands higher than and surrounded by the younger terrace for-
mations, one of which is along the route near Kh~.. Kaen. The material of the
islands is generally red sandy clay. |
Vegetatior. and land use

23. The natural vegetation in the areas included in Route 1 is classi-

fied as dry monsoon forest, consisting of trees, shrubs, bamboo, and grasses.
Weeds are widespread throughout the area except in very dry, sandy parts.

Tn the plains and on terrace formations, trees in forest stands are generally -

emall and sperse; aowever, isolated areas of large trees closely
spaced may bhe found. In low spots, marshy vegetation is normally found.

Shifting cuitivation is common in the area. Kenaf, a plant cultivated for

its fiber, is grown everwhere except in the lower land, which is used mainly
~for rice cultivation. The areas in and sround villagess are normally used

for garden crops.

) TR PR

" Hydrologic features
24k, The main rivers in the area of Route 1 contain water the year
around. River valleys .are.proad, vith,e relatively high ground water level.
Gradients of the »ivers are extremeEy low, and extensive flooding occurs in

|
i
‘
|
§

the lowlands in the rainy season. 'Man&icreeys are in’ rmittent.

Terrain types . 3
25. Ground-level views of ,several ternain types are shown in figs. 8-11. :
- Terrain—factor maps for the. area din which the route was selected had been

. prepared for another study.. 2 The area ma@ped was approximately 40 miles
K long and 11 miles wide. Mapping classes were established from 80 soil
consistency samples, 300 surface geometry samples, T6 vegetation samples, é
and 133 hydrologic geometry samples. Wet-season conditions produced a : 3
difference in two terrain factors--soil strength and stream stages; thus
both "areal" and "linear" terrain-type maps prepared for the dry season
(plates 1 and 2) were revised to reflect seasonal differences (plates 3 i
and 4)., None of the areal terrain types appearing on the dry-season map
(plate 1) was entirely eliminated by the revisions made for the wet-season
- condition (plate 3).

;- ‘ 15
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Ground-level view of terrain

Fig. 9.
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Lo 26. Aroal terrain types. The surface composition maps used in this

: study contained four mepping classes of soil strength in terms of rating
cone index (RCI): 10-25, 25-60, 60-100, and greater than 100. The 10-25

: class 4id not occur in the areas mapped in the wet seaion nor the dry saa-

_ E sol. Also, since an RCI of 60 or greater 4id not significantly affect ve-

% hicle performance, classes 60-100 and greater than 100 were grouped as one

i "class, i.e. greater than 60 RCI. Thus the two soil strength clesses involved

in the study were 25-60 and greater than 60 RCI. The total area of terrain

types with RCI's in the 25-60 range increased in the wet season, and the

area of terrain types with RCI's greater than 60 decreased correspondingly.

The location and extent of these changes are 1ndicated in plate 5. When

the surface composition factor map portraying soil strength in the wet sea-

son was overlaid on the surface geometry and vegetation factor meps, 1l new

ierrain types were created. These hew types are identified in plate 3 by
{ a number and the letter "A." -
; ~ 27. Tor both dry-season and wet-seaaod conditiops, an RCI of 40, the
| approximate midpoint of the RCY soil strength class 25-60, and an RCI of 60
i for the second class were used in the analysis. Since the vehicle cone
5 indexes (VCI's) of all the vehicles were less than LO (see table 1), none
i of the vehicles was expected to be immobilized because of soil strength.

vy

: (Actually. even when wet-season soil strengths were considered in comhina-

e 14

tion with slope and vegetation, there were no impassable areal terrain types.)
28. Because the terrain selected was situated on a regional topngraphic

high (Korat Platesu), wet-season conditions were assumed to cause only moderate .

VF o AL T TR T 3 e

ikl e ———.. .
5 e

changes in soil strength, not great enough to change the relative ranking of

the vehicles. However, since there was greater uncertainty as to what the
net effects of vehicle performance would be for these stiil lower soil

strengths, the soil strength was reduced to 35 RCI in all terrain types 5
having a 40 RCI in the wet season, and another analysis was performed. The f
value of 35 RCI was selected because it was within the 25-60 class range ;
and above the minimum soil strength requirements to pefmit one pass of all ;
the vehicles. This second analysis (35 RCI) is applicable to slightly :
vetter-than-average soil conditions in the wet season. The location and : g
extent of all terraip types with a wet-season soil strength of 40 RCI (first i

18
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analysis) and 35 RCI (second analysis) are indicated in plate 6 as shaded area.
' 29. Linear terrain trpes.

The most pronounced effect of wet-sesson
conditions was muniZested in ghe tige penalties mposed for stream cross-

~a2891
ings included in the optuun routc splectads At 1T locations, the wet-
season water dept_h incfeu%d frp _leag -than 3.0 ft to .greater than 3.0 ft. '

As noted in plate , -tr,,n. VAR vater dppths of less than 3.0 ft ave
analyzed as surface geanetry + fg&turn ‘rathey than as hydrologic gecmetry
features. Some bank cenf{,‘urat:lgns that were negotiable when a vehicle
vas fording the streams chme more critical when the vehicle was in the
#2imming mode.
since maximum slopes - that-occurred on the lower portions of the banks
vere avoided as the amphibious swimming vehicles contacted the banks at
higher elevations.

30. New routes were selected for the wet-season evaluations in an

In other cases, hovever, the reverse situation was true,

attempt to reducé the number of streams to be crossed, and thus to avoid
as many immobilizations as possible. In certain cases, however, more

streams were cros_s_ed, bpt the time lost was reduced; in other cases, the
vehicles had to b‘c‘: reroﬁge&' conpi"etely, even to crossing a bridge some .

distance away.

\ |'

2s. W -

no ezl :lliiom"

Perfogﬂg :&aluatipr_l Data

(9]

e

o

31. The veh:lcle chu-;cteristics a.nd perromance data for the wheeled
and tracked vehicles used in this study are summarized in tables 1 and 2,
respectively; figs. 12 and 13 are photographs of the wheeled and tracked
vehicles, respectively.

Maximum performance on paved,
level surface

32. Relations of tractive force versus speed on a paved level surface
for all the vehicles of interest (fig. 1ll) were derived from data published
by the Development and Proof Services (DPS), Aberdeen PRroving Ground, Maryland
The curves in fig. 1l wvere terminated at 40 mph, which was the upper-limit
speed imposed for cross-country travel in this study.

- - - .. e -
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Fig. 12 (2 of 3 sheets)

21 B

o e ar. ceta . B

RO T TS Y SOSOE LRRpe




i TR TR o epgry b o3l sk bl e R TR T X AT T T R W T T BT Ay U TG Y T Y A T N S MR 35 e e ‘J_l.ww.v.exﬂ.ﬂmq.gdj

. -
. s e et

k4

2

Cargo, 1-1/2 Ton, 6x6
2

Fig. 12 (3 of 3 sheets)

M706, Car, Armored, Light, hxk

M561, Truck,
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Fig. 13. Tracked vehicles used in study (1 of 2 sheefs)
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! Effects of soll consistency on speed
33. Data reported by DPS for the drawber ,.ll-speed relations

on a paved surface were accounted for in computing tractive force-speed
relations for 60, 40, and 35 RCI soil strength values. Computer progrems
were used to compute tractive force-speed curves and motion resistance for
all vehicles and soil strengths. Input consisted of data derived from the
tractive force-speed curves for pavement (fig. 14), and drawbar pull-soil

K
ki
;

strength curves (fig. 15), motion resistance-soil strength curves (fig. 16)

: and tractive force-slip curves for the specific soil strengths used in this
é ) study. The drawbar pull-RCI relation for the MS54L8 was estsblished by using
field test data for the ML13 and adjusting for the difference in the weights
of the two vehicles.

34, Since tractive force-slip relations were not available for the

AR G Ry SRR

vehicles and soil strengths considered in this analysis, the following

assumptions were made: : [

&. The maximum tractive force the vehicles could develop in

l'f

' soil occurred at 20% slip.
b. The percentage of slip decreased with traction in a linear

manner from 20% at the maximum tractive-force value to 0%
at the tractive-force value required to overcome motion

resistance.

A
g Effects of surface geometry on

§ performance .

% 35. Except for several special conditions discussed below, the pro- i
g

re.

. b ait e bk - e

s

cedv~es described in table 1, Appendix A, were used to obtain input data
*termining the effects of surface geometry on vehicle performance. 4

For -ample, the relations of percentage of area denied versus speed for
all the vehicles in the study are presented in fig. 17.
36. Mecrogeometry. Slope class ranges shown on the terrain map (plate 1)

e’ wzl,

were as.umed to occur in equal proportions positive and negative to the

PN RIS R Pe

direc n of vehicle travel, If the net tractive force ('I'f - Rs) acting
up the slope is greater than the force of the vehicle acting down the
slope (W sin @), the vehicle could operate up the slope unassisted.

If it cculd not operate up the slope, a driver probably could

.26
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not control the vehicle if it went down the same slope; thus, an assumption
wvas made that the vehicle should not travel on such slopes unassisted regard-
less of the direction of travel with respect to the slope. If slopes too
steep for the vehicle to negotiate unassisted existed in the terrain segment,
the vehicle was routed around the entire segment, if possible; if it could
not be routed around, & time penalty was imposed equal to the estimated time
required for the vehicle to winch itself up or down the slope. Since the
direction of & slope was assumed always in the direction of travel, perfor-
mence on side slopes (parallel to slopes) was not considered. To predict
performance in terms of actual slope position would be possible by using

a contour map overlay for the terrain map. This refinement in the evalua-
tion procedure is essential for tactical purposes; but is beyond the capa-
bility of the present model. )

3T7. Microgeometry. The roughness of the terrain and its effect on
the vehicle driver must be assessed if the effects of microgeometry on
performance are to be determined, Curves were established relating the
speeds at which the various vehicles could cross obstacles of various heights
without exceeding a vertical acceleration of 2.5 g's at the driver's seat
(considered to be the maximum tolerable). Data from tests at WES or DPS
vwere used to develop such relations (fig. 18) for all the vehicles, The
relations determined at WES for a S5-ton XM520 were adjusted for the 8-ton
M520; those from WES tests with an M113 were adjusted for the M548. Only
limited test date were available for the tracked vehicles as a group, and
to distinguish any significant differences in their performance from these
data was impossivle. Therefore, the same performance curve was used for all
the tracked vehicles.

38. The dynamic-response model developed by FMC Corporation6, which.
considers .three degrees of freedom (pitch, roll, and bounce), was modified
by WES to incorporate a representation of tire complianceT and was used to‘
determine an obstacle height-speed relation for the M706. The vehicle charac-
teristics and development of the dynamic model of the M706 are given in
Appendix B. In the application of the FMC model, the terrain was describgd

in terms of x-y coordinates.
39. The MT06 was "run" at selected speeds over single, trapezoidal,
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obstacle cross sections of varying hielghts. The dimensions assigned to the
cross section were (a) 45 deg for approach and.departure angles, representing
the approximate midpoint of the mapping class range 37-55 deg; (b) a 12-in.
crest width, based on field observations and measurements made in Thailand;
and (c) a single height within the range of 4 to 20 in. Only one obstacle
vas traversed during a run, and the selected speed was held constant. The
obstacle was assumed to be rigid and fixed on & smooth, level, firm surface.
The impact forces transmitted through-the ‘t‘.ire'r and suspension system were
used to compute vertical displacements at the body center of gravity (C.G.).
These displacements were correcuied by both translation and rotation through
pitch and roll to show actual displacements at the driver's seat. Vertical
acceleration at the driver's seat was predicted by taking the second deriva-
tive of vertical displacement with respect to time. These data were used to
establish & basic relation between vertical acceleration at the driver's
seat and speed for each obstacle height. From these basic curves, the
relation of obstacle height and speed for 2.5-g acceleration at the driver's
seat was derived for the M706, and is shown in fig. 18.

40. 1In the early phases of this study, the following specisal procedures
were used to predict vehicle performance in riée fields with dikes 10-18 in.
or 18-30 in. high. Maximum speed versus obstacle step height was plottead,
and the resulting curves were used to determine the maximum speed at which
each vehicle could negotiate dikes (fig. 19). An illustrative example of
the wey in which aversasge speed in rice fields was determined for each ve-
hicle is given for an arbitrarily chosen dike spacing in fig. 20. The ve-
hicle was assumed to travel a distance equal to the base width of the dike N
(assumed to be 4.0 ft in all cases) plus the wheelbase of the vehicle, st
the maximum speed indicated by the limiting dyggmic response of ﬁhe vehicle,
Beyond this distance, the thicle was assumed*to accelerate in accordance
with the curve derived fram a plot of tractive force versus speed in a soil
of similar consistency and motion resistance. The period of acceleration
is from 15 to 135 ft on the performance curve in fig. 20. The driver stopped
accelerating the’ vehicle at 35 ft and the vehicle was assumed to travel at
the meximum speed during the reaction time wherein he anticipated crossing
the next dike. The driver reaction time of 0.5 sec was set arbitrarily;

i

32

i,

L—ﬂmu‘aWA ot a0




- e <H|-zrv—w'm1
[ e T ‘
L
i
|
i
i
(
|
1

b
E R VRS DU IDUNIURS) IS S5 A I SLANGHE DU N I |
E ' E SRR SR **']r""’“** SRR B2 rTiTid
’ ! ¢ - . + 1c acle :'T"‘l‘
30 - =
g .
i 2 - " T .
- » bocben . _F—— > i '-:":j k
E' 'I-)‘ 1 ,Q R E
3‘ % 20 - S B R ;
b § |- O T
% (] ' K A'
5 s
) 5 RSN
> oo . Y A . . . H
y O T T s T T T TS = 4
I3 LR S Tl i Bt R S B Smahaak A -f“"'* *"f“'—‘--r-"-*—ﬂ-'f'?" ISt 4
g' 8 t - H AN RS Bl i Sl sl B dituiranbos Shauii s R s
! SR Rl Sl R _ s L
g e R e Dot i SmANLE WA sttt IR aL it b ot Ba A 1
il I o :“_':i’.“::_; PR SRS ESUHIINN i SRR NSRS ;
: oL DDA BN SRS TR EES PR TR :,
i 0 5 10 15 20 25 )
‘ Speed (MPH) 3
NOTE: M113 curve (establislied from WES
test data) substituted for M5L8,
M520 curve established from 3
testing XM520 (WES). ‘}

Mo56 and M5k curve established !
from Aberdeen Proving Ground data.
Vehicle maximum rpeed for crossing {

12-in., bump given.

Fig. 19. Relation between obstacle step height and speed :
which is controlled by driver tolerance
(approximately 2.5 g) ;

o :
i

33 ' 1

R S e g )

d
,
:




A SR oty ¥ e A ok £ s AL i St S e b Rt M Ecatinte T i it At S e i e e M A A T - M e R S b ER it

SPTOTF 9074 Ul Iouvumrograd STOTYA Burqorpoad Jo03 pomyow reotwydsal vy *0c ‘14

.

< - 89D PTOTJ.90Tx Jo Juyotig : r
4
YIPTM
) : e98q ToaUM a1o
* 9TITY3A 1-¥36Q0
© 7 O=©
2eo INTP O \S~4 : T *OH 3P PTAT 90T %&Iﬁ" 7 |
" PTIIN .0W . . :
. |
(3F) 9doueysSTq A =
09 0s -oon ot 02 )¢ o.o
| |ﬁ\ (&)
A . —Uo T3} e 9 4
‘paads aJuxaay y ; v/4/ 48/ Y, =T990y TBOT3I3) S
A NN / ___fq_payqury paads | o o
- 4 .o ~
/]
. [1]
. . 3
_ UOTIBIIT300W . 6T
2AT3¥Bau Jo pojgad Juranp /| UoOT1BISTO00®
UOT3ETaL 20uB3STP-paads Jo potxad syj3 3upanp .
; 4913 UOT3EBTaX aoueg3sTp-pasdg 9z
€4 JIATIP X0 paxinbag : Jurond . - -
T poraed Supanp poeds \&meza 3o Jupsnds paads |

IAIND Jopun vaxy adeaaay




o S AV T

3
E
N
?;
E’a
%
L
g
§

the distance (ft) traveled during the driver reaction time was 9 ft. When
the driver began to apply the brakes (44 £t), the negative acceleration of
the vehicle was assumed equivalent to the maximum positive acceleration.
The four segments were analyzed by integrating the total area under the
performance envelope and dividing the result (ft2/sec) by the dike spacing
(£t) and the average speed predicted.

4b1. 1In rice fields with dike heights greater than the clearance of the
vehicle, a 20-min time penalty was'impésed for each dike; the average speed
attained between dikes was discounted since the time was insignificant com-
pared to the penalty time involved. Consequently, the average speed in rice
fields in Route 1 with dikes of sufficient height to cause immobilization was
ccmputed to be 0.1 mph.

42, As stated in paragraph 17, & computer program was prepared during
the later phases of this study and used for predicting speed in rice fields.

. This program was used for only the six vehicles evaluated and reported upon

in the last draft report (see paragraph 4). Input consisted of:
a. Spacing of rice-field dikes

. Height of dikes

‘Base width of dikes

Motion resistance of vehicle in paddy soil

|o

o |0

Tractive force-speed curve for paddy soil strength

I o
*

Breking rate (deceleration)

. Braking reaction time _

h. Obstacle height-speed curve (fig. 18)

i. Wheelbase, or track length, in con*tact with the ground

m

The program computed the total time required for & vehicle to cross a dike,
accelerate in the paddy, and then decelerate, if necessary, before crossing
the next dike. The distance traveled in crossing one dike and one paddy
was divided by the elapsed time to obtain the average speed performance.

Effects of vegetation on performance

43, Data needed to analyze the effects of vegetation screehing on the
ability of the driver to see were lacking so no speed limitations were im-
posed for poor visibility. This omission was not considered significant
for two reasons: (a) approximately 70 percent of the vehicle travel time

oo O [
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was spent in rice fields where visibility is seldom a'froblem. and (b) the
field of vision from the driver's position is approximately the same for
each vehicle. '

L4, Rather than declaring areas of heavy vegetation impassable, a
time penalty of 5 min was assessed for every 11 ft of travel, based on
the time needed to cut down one large tree (10 in. in diameter) to permit

17

passage.

Effects of hydrologic geometry
on performance

4S. Special conditions imposed in the early phases of the study

because of hydrologic features were:

a. Entry into all streams and lakes was assumed possible for
all vehicles.

b. To determine stream widths accurately was impossible because
of the small mep scale. A T5-ft width was assumed arbitrarily

and the time required for each crossing (swimming or fording)
was based on an assumed speed of 3.0 mph. This cambination of
width and speed was assumed to include entry, crossing, and
exit. When the rated water speeds (table 1) were cbtained
later in the study, the er—r involved in the assupption

for speed wes seen to be insignificant. Therefore, in only
one instance, where the M520 had to swim a lake 600 ft across,
the rated water speed of 3.3 mph and the measured width of

¢ e e DA . e s e e e S et i Rt Y
N

e Il o A A 0 i Kt i ot Lt et it

the lake were used. _
¢. When immobilization was predicted, a time penally of 20 min
was}assessed. The 20-min time penalty was based on a report :
froﬁ the Army Concept Team in Vietnam, which stated that a
well-trained crew could cross a canal with an Ml113 armored
personnel carrier in 15-20 min when using the capstan-anchor 1
method of self-recovery. Only one immobilization per crossing

was imposed.
46. The above-listed special conditions were imposed also in the study 1

reported in June 1968 (see paragraph L4). In addition, certain other modifi-

cations were made to the procedures described in reference 1. These modifi-

cations are discussed in the following paragraphs.
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47, Stream crossing. Performance at stream crossings was restricted
to the vehicle's ability to exit. To predict stream exit performance, de-
termination was made as to whether the vehicle could negotiate the exiting

stream bank unassisted, eassisted by winching, or not at all. For amphibious
vehicles, zero traction was assumed for all traction elements in the floating
A mode. If a nonamphibious vehicle could not cross a stream because the water
depth.was greater than the fording depth, the vehicle was rerouted.

R AT A T S e i e
wE

L8, 1If assistance was not required, the total time to cross the stream
was computed without a time'penalty. Based on the 3.0-mph average speed
sssumed for each crossing and the T5-ft width assumed for each stream (see

paragraph L5b), the time to cross any stream without penalty was LT sec.

R oy

ev I T AR VRS, TSRS

If assistance was required, a time penalty was assessed and was considered

to be the total elapsed time to cross the stream. This time was 1200 sec
(see paragraph 45c). The procedure used to predict the total elapsed time
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i
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§ is illustrated in fig. 2.

gé < 49. Bank-vehicle ngmetry interference. A two-dimensional scale model 3' é

ﬁ % of the vehicle and a profile of the stream channel were used to determine g :

3 % vwhether interference between the vehicle and exit bank would occur. If any E é
% part of the vehicle, other than its tracks or wheels, contacted the profile é

g vhile exiting, the vehicle was considered immobilized and a penalty was E ;

é assessed (fig. 21). i é

% 50. Tractive force required to climb stream banks. The tractive force § i

% that a vehicle could develop on a slope (Td) and the tractive force required . ;

% (Tr)'beyond that needed to propel a vehicle on level ground were computed é

§ using input values obtained with the bank-vehicle geometry scale model §

% (paragraph 49). Predictions were made on a go-no go basis (fig. 21). g f

Z ~ 51. The tractive force that a wheeled vehicle, regardless of the number ; i

g of axles, could develop on a slope was computed by the following equation: § ]

¥ ! ;

% n : E

% 7 ,_"_i DEP 8 (Ex_ DBP cos & -~ W sine) cos (6 -6.) ;

i aw = cos 6 + W x x x m x’ b
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Where:

L T PR

Td = Tractive force that can be developed by a vehicle on a slope

T _ = Tractive force required beyond that needed to propel the
vehicle on level ground

et 2 3 T ki Lt i i Bt

Fig. 21. Procedure for predicting performance of vehicles
‘ in crossing streams
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and the tractive force required (Trw)’ beyond that needed to propel the
vehicle on level ground, for the wheeled vehicles (M37Bl1, M561, and MTQ6)

to exit from a stream was computed by:

Trw = W, sin %n

1
vhere
?dw = tractive force a wheeled vehicle can develop on a slope, 1b
Wi = maximum axle load, lb
W = total vehicle weight, 1b

DBP = drawbar pull on a level surface, 1b

em = maximum bank angle, deg

n = total number of axles .

Wx = axle load, lb, for any axle from 2 ton

ex = angle of the bank slope in contact with the wheels of a given

axle, deg

Trw = tractive force required to lift the maximum axle load up the
maximum bank slope, 1b

In computing Trw » the weight on each axle was computed by taking the sum
of the moments about the wheel ground contact points for different positions
of the vehicle on the bank. By these successive solutions, the most critical
conditions for exiting were defined and used in predicting performance.

52. The tractive force that a single4unit tracked vehicle could develop
on a bank slope was computed by the following equation:

Tdt = DBP cos o

and the tractive force required for the single-unit tracked vehicles (ML13Al
and ML16) to exit from a stream was computed by:

i d

T =W sin a
vhere .
Tdt = tractive force a trﬁéked vehicle can develop on a slope, 1lb
DBP = total drawbar pull on a level surface, 1b

o = maximum attitude angle the vehicle will attain in climbing
a bank, deg

T, = tractive'force required for a tracked vehicle, 1b
total vehicle wejight, 1b

=
]
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53. To analyze the ability of the articulated M5T1 to exit from

- ireams, values of Tdt and Trt were determined sepgraxely for the
tront and rear units. These separate values vere added to obtaln the
total Tdt and 'I‘rt values.

54. In all cases, Td and 'I‘r values computed were compared,
and if Td - Tr > 0, a go condition was predicted, or if Td - 'I'r < 0,
a no-go condition was predicted (fig. 21).
Effecfs of special vehicle characteristics
55. The effects of special vehicle characteristies, such as articu-~

lation, duck walking, and positive traction, were not evaluated because
appropriate quantitative relations are not available (see paragraph 12).
In this study it was assumed that equal traction was available at all
times for all the traction elements. Articulated vehicles have a distinet
advantage over rigid-frame vehicles when operating on a terrain surface in
which microrelief is of paramount importance. Traction elements of articu-
lated vehicles conform to most sﬁrface irregularities; therefore, more
traction surface is available for developing tractive force and usually
responses are less, producing a better ride quality. Duck-walking capa-
bility is an advantsge to a vehicle when it becomes immobilized in soft
so0il underlain by firm soil. By simultanecusly applying power to the
wvheels and turning the front of the vehicle from left to right, the driver
may extricate the vehicle from localized soft spots.

‘Prediction of fuel consumption
56. Fuel consumption-speed relations for all the vehicles were com-

puteﬁ from fuel consumption-engine rpm performance curves obtained from
Dp- re?ortsh’s. The specific relations used as input to the prediction
rodcl for +2. study are shown in fig. 22. These relations are obtained
wuv the vehicle is assumed to be performing at its maximum traction,
regardless of the surfuce conditions or gear selections. Under these con-
ditions, the engine rpm vary within a narrow range, .and therefore fuel )
consumption remains fairly constant.

. 5T. In the early phase of the study, the only special consideration
involved stream cro=-'vgs. To compute fuel consumption, a vehicle was

assumed t.. overate . ..aximum hbrsepower output for 10 min for each 20-min

4o
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" time penalty assessed for immobilization caused by bank configuration as

the vehicle tried to exit; for stream crossings without imposed penalties,

8 vehicle was sssumed to operate at maximum gross horsepower for the total

ecrossing time. A

58. In the 1968 study, separate procedures were used to predict fuel
consumption for areal and for linear terrain types. For areal types the
procedures were as follows:

a. A fuel consumption rate (gal/hr) was determined for each
predicted speed from the relations shown in fig. 22.

b. The fuel consumption rate (gal/hr) was divided by the pre-
dicted speed (mph) to give a fuel consumption rate in
gal/mile. Exsmples of the resulting relations for the MS561,
MT706, M37Bl, M116, M5T1, and M113Al are shown in fig. 23.

The total distance traveled in a terrain type was scaled

o

from the terrain-type map and multiplied by the fuel con-
sumption rate (gal/mile) to obtain the total amount of
fuel consumed. |
59. The amount of fuel consumed in crossing linear terrain types
(streams) was considered insignificant unless the vehicle was immobilized.
The following procedures were used to predict the consumption at those
streams vhere immobilization occurred:
a. A fuel consumption rate (gal/hr) was determined for a speed
of 1.0 mph from the relations shown in fig. 22.
b. One:helf c¢f the time penalty asssessed was multiplied by the
ruel.consumption rate (gal/hr) to obtain the total amount
of fuel consumed. ‘

Determination of delivery rate

60. In any given terrain situation, the'performance-values for any
two vehicles may be different. For example, vehicle A may have a high
speed, high fuel consumption, and low cargo capacity; while vehicle B may
have a lower speed, lower fuel consumption, but a larger cargo capacity.
The evaluation of relative performance then rests on which performance

meesure is deemed most important. Since such a decision is often impractical -

u'éombining all performance values derived in a glven terrain situation into

b1
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& single performence value is useful. Cargo capacity can be multiplied

- by everage speed made good to cbtain a delivery rate in tou-miles/hr.

To compute average speed made good, the following expression is used:

Straight-line distance
Average speed made good = Total elapsed time

To compute delivery rate, the following expression is used:

Delivery rate {ton-miles/hr) = Cargo capacity (tons) x Average
speed made good (miles/hr) ‘
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- PART III: EVALUATION OF VEHICLES

ok N T

61. The WES analytical model (Appendix A) was used to predict
vehicle performance for the dry seison and the wet season, in terms of
speed and fuel consumption. Cargo delivery rate was co.lculi.i}ed from the
values of average speed and payload. In the first study (see paragraph 2),
in which performance was evaluated for the dry season, & soil strength of
60 or 40 RCI was used (paragraph 27). In the supplemental study (para-
graph 3) for the wet season, two traverses were used, one with terrain
types of either 60 or 40 RCI, and the other with terrain types of either
60 or 35 RCI (paragraph 28). 1In the 1968 study (paragraph 4), performance
was evaluated for both the dry season and the wet season; soil strengths

T PGt ) oY R

e
Dl ey e e T L

Ak

of either 60 or 40 RCI was used for the dry season, and either 60 or 35 RCI : 1
for the wet,

O g Berh 2

Selection of Traverses and
Preparation of Speed Maps

62. The predicted performances of all the vehicles used in this

s

study, for both the dry-season and wet-season conditions, are summarized

in tabie 3. The predictions were made in terms of average speed, fuel
consumption, and delivery rate, for all terrain types in the Khon Kaen
study area. The terrain types that allowed the vehicle the highest average
speed were traversed along straight-line paths, which were connected to
form a continuous route. The traverse starting at Ban Meng and ending

at Ban Sang Kaeo represents the optimum path within the l.2-mile-wide
limits of the route selected. '

st o A RN st RS

63. Because in all cases the evaluation criterion was speed, traverses
were sélected that would yield the highest speed. (If the traverses had
been selected for other than speed, e.g. for fuel consumption,or rate of
\ delivery, they may have been different.) \

£ T T

g

\ . 64. The avérage speed of each vehicle was determined for the terrain ‘ !
factor complexes along route 1 and mobility maps were prepared. Only some i ‘i
of the mobility maps along with the traverse over which predictions were-

o o 2 By T

k5




Pl BT X AN B I W e DR

P22

1

L
g

made are included in this report.’ Thoée,that are included are identified in
the following table: '

Vehicle Plate No. - Season
M556 T Dry |
‘ 8 Average wet
9 Maximum wet
M5UA2 10 Dry |
11 Average vet
12 Maximum wet
M520 13 Dry
1 Average vet
15 A Maximum wet
M548 16 Dry
17 Average vet

Ls

18 Maximum wet
M113 19 i Dry season
65. Average speed for a total traverse waA obtained by dividing the
traverse length by the time spent in traveling over it. If a vehicle had to
cross a weter body in a particular terrain tpe, the time required to complete

‘the crossing (time penalty) was added to t.e time required to traverse that

terraln type. Performance data can be obtained by referencing terrain type
and vehicle identification in table 3.

Performance in Various Terrain Types

66. The performances predicted for each vehicle in each terrain type
successfully traversed along the route are tabulated in table 4. The ter-
rain types are listed in the order in which they were traversed. The dis-
tances listed were measured along straight lines on the cross-country
mobility routes. (When a change of direction occurs within a terrain type,
distances are given for each segment.) In the column marked "Penalty,"

17 sec denotes that a vehicle crossed a stream without assistance, and
1200 sec that assistance was required. Multiples of 17 indicate more than
one stream was crossed, and multiples of 1200 indicate that more than one
immobilization occurred in the same terrain type. It should be noted that

. the penalties listed in this column occurred only in linear terrain types.

The time and fuel required for eacih vehicle to traverse each terrain type
include those reduired for stream crossings.

6

RO Y

it an e sl

i L et L R

Mohotema ket % Eaa




TR SRIBI 5 TR G VPR T TR OY KR TREIOGF Y, A RO TSRO
.

)
[ ]

<
1
A
4

k!
4
r
b

PR R ERTIRE
t

Speed Performance

Effect of terrain type on speed

e

67. The maximum and minimum speed performance for all the vehicles
and the terrain types in which they occurred are shown in the following
table.

D T AT Bl . ST IS |

Dry-season Condition Wet-season Condition Wet-season Condition

(60 or 40 RCI) (60 or 40 RCI) (60 : » 35 RCI)
Avg Speed Avg Speed Avg Speed

Mph Terrain ¥ph Terrain Mph Terrain
Vehicle THax Hin Type Max  Min Type Max  Min Type

Wheeled Vehicles

T T T TR T

656 27.2 19 27.2 19 27.2 19
0.1 13 0.1 13,30 0.1 13,30
MSHA2 23,5 19 16.4 23 16.4 23 ]

0.1 13,30,42 0.1 13,30,32 " 0.1 13,30,32

520 15.0 19 15.0 19 15.0 19 ’
3.6 13 3.6 13 1.6  36A

M37B1 31.0 3,17,28, 31.0 3,17,28,

| o |
IR T .
EYRNEL g0

31,37,52 . _ 31,37 7

0.1 30,32 . 0.1 30,32 -

MS61 40.0 3,31,37 | 40,0 3,17,28, ?
_ _ 31,37 .

9.1 30,32 . 0.1 30,32 :

i

¥706 38.3 3,31,37 : 38.3 3,31,37 :
0.1 30,32 0.1 30,32 g

- Tracked Vehicles é §

M548 10.6 23 10.6 23 10.6 23 yooL
0.1 13 0.1 13 0.1 13 j

M113A1  39.0 3,i7,29, 39.0 ~3,17,28, |
31,37 31,37 ]

1.3 13 1.3 13 ;

|

b7 .
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Dry-season Condition Wet-season Condition Wet-season Condition

(60 or 40 RCI) (60 or 40 RCI) (60 or 35 RCI)
Avg Speed Avg Speed Avg Speed
Mph Terrain Mph Terrain Mph Terrain
VYehicle Max Min Type Max HKin Type Max Min Type
. 3,17,31 32.1 3,10,17,
3 Hs 32.1 37 22,28,31,
37
’ | 0.1 13 . . 0.1 13
| | ;:
" 3,17,31 27.4 3,17,28, 3
MS71 27 3; 99l . 31,37 €
2.2 13 : 2.2 13 3
1

The M561 had the highest speed of the wheeled vehicles in both dry- and . E
wet-season conditions, and the M113Ai had the highest speed of the tracked ;
vehicles in both conditions. The M520 and the M548 had the lowest meximum :
speed in both seasons. Except for the M54A2, each vehicle was able to

BUNPEIAEL o .+ o3 SRR 5~ il T iy & &5 A KGRI

£
§

travel at its same maximum speed regardless of seasonal conditions. Except

o i “aikcrl, & i e i AT

% for the M520, each traveled at its same minimum speed in both seasons; the
§ wet-seeson condition with 60 or 35 RCI caused the M520 to travel at a lower

speed than in the other two seasonal conditions. : j

e

i

68. Terrain type 19 allowed maximum speed for three vehicles in the 4
dry season and for two of the three in the wet season. Types 3, 31, and
37 allowed maximum speed in both seasons for six vehicles; some of the

same vehicles also attained maximum speed in types 17 (four vehicles in

£
B
{
i
;

both seasons), 28 (two vehicles in the dry season and four in the wet),
52 (one vehicle in the dry season), and 22 and 10 (one vehicle in the wet

season for both types). Seven vehicles traveled at minimum speed in ter-

O A 0 Fur e o e i i 8 e R

rain type 13 in both seasonal conditions. Type 30 was traversed at minimup
speed by one of the seven in the wet season and by another of the seven
and three additional vehicles in both seasons. Type 32 was traversed at !
‘minimum speed by the same four latter vehicles above in both seasons. : ;
69. Seven vehicles, five wheeled and two tracked, had the same mini-

mum speed in one or more of the same terrain types. While terrain type
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appeared to be the majJor factor affecting vehicle speed, seasonal conditions
and soil strength apparently did not significantly affect either maximum
or minimum speeds, at least for the soil strengths tested in this study.

In the wet-season analysis of the first four vehicles tested (see para-
graph 3), a special study was made to provide a more comprehensive treat-
ment of thé effects of soil strength on performance. The discussions deal
with speed, délivery rate, one-pass vehiclé cone index, and overall traffi-
cability in the United States and Thailand, and can be found in Appendix C.

Speed within terrain classcs

T0. The terrain types were grouped into three qualitative classes;
vegetation, rice fields, and streams.

T1. Vegetation. Vegetation was divided into three sub—classes,

e Aoy e

e SR S aar At i

based on the percentage of maxlmum tractive force reggixggmggMgggygrseﬁuﬂvuU.

vegetated areas. The sib-classes vere: (a) light, 0-25% tractive. forge....

required; (b) medium, 26-50%;. 804.(8) heala-3lsk00%m B0 . ¥agatation.in ..

-'the medium sub-class occurred in the terrain selected for this.sindy... ...

T2. The time expended in traversing areas cf light vegetation and
the average speed attained were computed for the four vehicles in the first
study (fig. 2L4); there were no immobllizations. The time and speed were not
computed in the 1968 study. The speed of the M556 (12.6 mph) and the MS5LA2
(12.4 mph) vas approximstely twice that of the M520 (6.6 mph) and the M58
(7.9 mph) because of greater power available beyond 10 mph (see figs. 25a
and 25b). The performance of the M520 did not exceed that of the M548
because the M520 is 11 in. wider, and so encountered more vegetation while
traversing the terrain; this, in turn, increased the average force require-
ment. This greater force requirement canceled the advantage of greater
available power, so that the speed of the M520 was below that of the M5u8.

73. Only one terrain type (type 13) was classified as containing
heavy vegetation. Again, the time expehded in traversing this type and the

average speed attained were computed for the four vehicles in the first

“study (fig. 24). 1In the 1968 stuly, they were computed for the M116, the

only vehicle tested at that time that became immobilized in heavy vegetation;
the other five vehicles could either circumvent or override it. The fol-

lowing tabulation presents the dita derived for the vehicles that were

kg
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immobilized (i.e. suffered time penalties):

Total No, $-Min Total Avg Terrain
Distance Penalties Time Speed Type
Vehicle Ft (See par u4k) Hr Mph Speed*®
' Dry Season (60 or 40 RCI)
M656 3200 204 17.0 0,04 0.1
M54A2 3300 213 17.8 0.03 0.1
M5u8 3000 - 210 17.5 0.03 0.1
M116 3200 174 14,5 o.0u4 0.1
" Wet Season (60 and 35 RCI)
M656 3300 210 17.5 0.04 0.1
MS54A2 3000 194 16,2 0.04 0.1
M5u8 3000 - 210 17,5 0,03 0.1
M116 3200 174 14,5 o,0u 0.1

#Predicted speed in each areal terrain type was rounded t nearesst

tenth of a mile per hour to: (a) avoid vehicle immobilization and
(b) be consistent with other predicted speeds.

T4. The M520 was not immobilized in heavy vegetation and so could
maintain a 3.6-mph speed, as opposed to 0.l-mph speed for the other
vehicles. This superior performance was due in part to greater available
power in the 0-3 mph rar-e. Also significant was the higher leading edge
(50 in.) of the vehicle, which reduced the average force required for vege-
tation override. The leading edge of the M520 can withstand an impact
force 1.5 times larger than that of the M656 and the MS5LA2, and 3 times
larger than that of the M548 (see tables 1 and 2). " The M520 weighs approx-
imately 1.3 times more than the M5LA2, and 1.6 times more than the M656
and the M5L8. This added weight provided a substantially greater kinetic

energy that could be utilized in overcoming peak force demands.

T5. The M548 tracked vehicle would be superior to the M520 (see fig. 26a)
if it were not for the heavy vegetation, which covered 3200-3900 ft, or 1.3~
1.6 percent of the total distance traversed. This fact emphasizes that the
distributiop of critical terrain conditions can be extremely significant to

cross—-country vehicle travel, although it is often overlooked because a

P O N N

53

B! Tt et AL it A1 USRI MG B Ll A B

et TR e R e A

L—uﬂu..m..,u. i it L 5 e BT 2 b LS oa e £ S S S e




bnrticular terrain feature that occurs infrequently can easily go un-
noticed on small-scale maps unless each terrain-vehicle interaction is
exanined in detail.

T6. Rice fields. Approximately TO percent of the travel time on
the route was spent in rice fields (paragraph 43). The time required to
traverse rice fields and thé average speed attained were computed only for
the four vehicles in the first study (fig. 24) and for the vehicles in the
1968 étudy that became immobilized. The following tsbulation presents the
data derived for the vehicles that were immobilized:

' Dike Total No. 20-Min ~ “Total ~Avg  Terrain
Spacing Distance Penalties Time Speed Type

Vehicle Ft Ft (See par 41) Hr Mph Speed#

Dry Season (60 .or 40 RCI)

4656 100 3700 37 12.3 0,06 0.1
MSuA2 100 %0l 33 11.0  0.06 0.1
M37B1 100 3843 28 12.7 0,06 0.1
M561 100 3300 33 11.0  0.06 0.1
M706 100 00 <1 11.3  0.06 0.1

, Wet Season (60 or 35 RCI)

MeS6 100 5000 50 16.7 0,06 0.1
MS4A2 100 7900 78 26.3 0,06 0.1
M37B1 100 5500 55 18.3  0.06 0.1
561 100 3100 31 10,3  0.06 0.1
706 100 3700 37 12,3 0,06 0.1

#Predicted speed in each areal terrain type was rounded to nearest
positive tenth of a mile per hour to: (a) avoid vehicle immobilization
~and (b) be consistent with other predicted speeds.

- e e -,

T7T. The performance of the whéeled véhiclés in ricé flelds couldrfé.
Judged almost entirely on undercarriege clearance. This was particulhrly'
significant for those terrains characterized by dikes 18-30 in. high. Under-
carriage clearance was not a consideration for the tracked vehicles, and
these vehicles were not immobilized; their better performance was due in

part to their superior dynamic response characteristics.
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78. The M520 was the only wheeled vehicle that was not immobilized.
Its larger diameter tires (71.1 in.) provided it with a 30-in. under-
carriage clearance, compared to 20 in. for the M656, 21 in. for the M5LA2,
16 in. for the M37Bl, 15 in. for the M561, and 23 in. for the MT06. The
M520 was designed, however, with no s uspension system, and induced vibra-
tory motions. are compensated only within the limits of the spring and
damping properties of its pneumatic tires. 8o, in spite of its large
power output, the M520 was unable to perform as well as the tracked vehicles,

T9. Streams. The number of streams crossed and the time penalties
assessed for all the vehicles are shown in the following tabulation:

Dty Season (60 or 4O RCI) Wet Season (60 or 35 RCI)
, Total Total
.No. . Penalty No. Penalty

Streams No. Penalties Time Streams No. Penalties Time

Vehicle Crossed 17-Sec 1200~Sec Sec Crossed 17-Sec 1200-Sec See¢
M656 1 3 8 9651 10 3 T 851
‘M54A2 11 2 9 1083k 9 1 8 9617
M520 10 5 5 6085 9 1 8 9617
M37B1 8 4 b 1868 8 2 6 7234
M561 9 5 b . 4885 8 3 5 6051
MT06 8 2 & 7234 8 2 6 723k
M5L8 8 3 5 6051 9 2 7 8l3k
ML13A1 8 " L 4868 8 2 6 7234
M116 9 6 -3 3702 9 6 3702
M5T1 9 T 2 2519 9 T 2 2519

80. As stated in paragraph 30, new routes were chosen for all vehicles
in the wet season in an attempt to reduce the number of 1200-sec penalties
for crossing streams; however, reductions in the number of penalties only

occurred for a few vehicles. The number of streams crossed in the wet season

was reduced for the M656, M54A2, M520 and M561; no change occurred for the M37B1,

M706, M113A1, M116, and M571; and the number was increased for the M548. The
number of l7-sec penalties assigned in the wet season decreased over the dry
season for the MSLA2, M520, M3TBl, M548, M113A1, and M561, and no change

occurred for the M656, MT06, ML16, and M5T1. There was a decrease in the number

of 1200-sec penalties assigned in the wet season for the M656, M5LA2; no change
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in the number of penalties for the M706, M116, and MS571; and the number of
‘. penalties increased for the M520, M37Bl, M548, M113Al, and MS561.

: 81. Summary. While penalties were a major factor in determining the
performance of the vehicles within terrain clesses, no relations were esteb-
lished between the number of penalties assessed in particular terrain
classes and the average sbeed the vehicles could attain in crossing them.
Other factors had to be considered, e.g. the time involved when e vehicle
vas routed over a longer segment of the route, or the ability of some
vehicles to maneuver in certain terrain classes better than other vehicles
could. '

Average traverse sgéed for route
82, The traverse distances and the average. speed Of each vehicle
listed below veré taken from table b, The'path élongations vere computed
i in each case by dividing the traverse diatance by the center-line distance
(4.8 miles for all vehicles in all seasonal conditions).

{
i
|

e s ——— ¢

Dry Season (60 or 40 RCI)Wet Season (60 or 40 RCI)Wet Sesson (60 or 35 RCI)

Path Average Path Average Average
Traverse Elon- Traverse Traverse Elon- Traverse Traverse Elon- Traverse

Distance ga- Speed Distance ga- Speed Distance ga- Speed
Vehicle miles tion mph miles tion __ mph miles tion mph ;
. M656 w9 1.00 2.k BT 1.06 2.2 LT.4 1,06 2.2 E
§ M5kA2 46.0 1.03 2.2 48.6 1.08 1.7 8.6 1.08 1.7 ;
| M520 B4.9 1.00 5.5  UW4.E 1.00 k.8 .6 1.00 3.9 :
M3TBL k6.7 1.08 3. k.7 1.06 2.5 4
M561 k6.3 1.03 k.2 k5.7 1.02 4.2 ]
MT06 - 16.3 1.03 3.9 ' 861 1.03 3.7 3
M58 By.% 1.01 3.7 45.6 1.02 3.5 45.6 1.02 3.k i
M113A1  46.3 1.03 9.0 5.6 1.00 7.3 !
ML16 b5.8 1.02 4.6 15,9 1.02 4.2 i
MST1 . k6.0 1.03 8.7 . b6.9 1.05 8.5 i

83. The.maximum .difference in traverse distances in the dry season
was 1.7 miles; in the wet season the maximum difference was L.0 miles,
regardless of the soil strength combinations considered.

84, The comparative traverse performances for all the vehicles are
portrayed in figs. 26a and 26b in terms of cumulative time. Examples of
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similar comparative traverse performances for the M3TBl, MT06, M561, M116,
M113Al, and MST1 are portrayed in fig. 26c for the wet-sesson condition.

The short vertical discontinuities in each line represent stream crossingi
3 vhere time penalties were imposed because of immobilization.

The longer
vertical discontinuities represent time penalties assessed in rice fields

where dikes were 18-30 in. high. A steady increase in time bétween approx-
imately 16 and 38 miles reflects the better performance of all vehicles in
light vegetation and rice fields characterized by dikes less than 18 in. high.
The éharp increase in time accumulation by the M65%5, M54A2, M3TBl, M548,
and M116 at mile 38-39 was due to time penalties imposed for negotiating
heavy vegetation.

85. All the vehicles had higher speeds in the dry season than in the
wet, except the M561 with the same speed in both seasons.

N

£ Y T OO

Of the wheeled

" g vehicles tested, the M520 had the best average speed for both seasons, and
3 L the M54A2 the worst. Of the tracked vehicles, the M113A1 had the best dry-
] : '

season average speed gnd the M5T1 the best wet-season average speed; the

MS48 had the lowest for both seasons. The greatest reduction in average

: traverse speeds from the dry to the wet seasons occurred for the ML13Al . ?

(9.0 to 1;3 mph). Significantly, the ML16 had the fastest speed over the
first 38 miles in both seasons.

L 86. Since the one-pass vehicle cone index (VCI,) for each vehicle

was less than 35 (see table 1), none of the vehicles were immobilized
because of insufficient soil strength.

% i it L ¥t G st i

In the predictions for the two
strength combinations for the wet season, the M656 and the MSLA2 had the

same average speed for both conditions; the M5h8|was only 0.) mph slower
on the lower soil strength; and the M520 had the greatest reduction (L.8 to
3.9 mph). The reduction in the speed of this latter vehicle is related to
the comparaxively'larger increase in motion resistance that occurs as soil
strength is reduced, as shown by the following tabulation.
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Only four ve-
hicles are listed because they were the only ones tested in both wet-season
conditions.
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1

; R Motion Resistance, 1lb ! :

B ’ Vehicle Lo kel 35 RCI |

f M656 2760 3450
M54A2 280G 3100 , 3

: M520 LoT7 8561 ;

1 NS48 2800 3100 1

N . 2

Average center-line spced for the route

8T7. As previously stated, the center-line distance for all the ve- !
hicles in all seasonal conditions was 4L.8 miles. This center-iine dis-

tance vas divided by the total time required to traverse it to obtain tha

I ULy R

average center-line.speed for each vehicle. The following table presents !
the data for a1l the vehicles:
Dry Season (6C or 40 RCI) Wet Season (60 arLORCI Wet Season (60 cr 35 iCI) . -

| E
k Total Time  Average Total Time  Average Total Time Average ; ’
E‘ to Complete Center-Line to Complete Center-Line to Complete Center-line 1
4 Vehicle Traverse, hr Speed, mph Traverse, hr_Speed, mph Traverse, hr Speed, mph ; ;
& M656 18.7 2.4 21.6 21 2.8 2.1 . i
E, Mska2 21.0 2.1 29.1 1.5 29.3 1.5 . .
i M520 8.2 5.4 9.4 - L8 11.3 k.0 5
M37B1 .9 3.0 19.1 2.3 L

M561 11.6 'S R - 11.0 k.1 L ;
£y M706 11.8 3.8 ' 12.4 3.6 |
L M548 12.6 3.7 12.9 3.6 13.3 3.4 ' . :

M113Al 5.2 8.7 : 6.2 T.2

M116 10.0 "5 10.8 b1

M5T1 5.3 8.5 5.6 8.1

88. The tctel time required for each vehicle to complete the traverse
in the vet season exceeded the time required for the dry season, except for
the MS61l, whose time was the same for both seasons. Again, of all the
vheeled vehicles, the M520 hed the highest average speed Icr both seasons,
and the MSLA2 the worst. Also, of the tracked vehicles,'the M113A1l again
hnd the highest dry-season average speed and the M571 the highest wet-sea:c n

e o 4 ro——

average speed; the M5L8 had the lowest speed for both seasons.
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Fuel Consumption

89. The average rate and volume of fue' consumed by each vehicle in

i crossing each terrain type in the route are presented in table L. The
total fudl consumed and the average consumed in dry- and wet-season condi-

; ; tions were as follows: ‘
Dry Season (60 or 40 RCI) Wet Season (60 or 4O RCI) Wet Season (60 or 35 RCI)

Average ) Average Average
Total fuel " Total Fuel Total Fuel
Fuel Con~ "Fuel Con~- Fuel Con-

" Praverse. Con- sumed Traverse Con- sumed Traverse Con- sumed
Distance sumed Gal/ Distance sumed Gal/ Distance sumed Gal/
Vehicle Miles Gal milg Miles .Gal ~ mile Miles Gal mile

Ul TR T W R A TR i R

M656 Lh.9 58.5 1.3 b7.4 63.8 1.4 47.4 65.3 1.4
i M5ha2 k6.0 . 8.k 1.8 48.6 88.1 - 1.8 48.6 89.2 1.8
E M520 kh .9 82.3 1.8 Ly .6 8.1 2.0 hh.6 101.M 2.3
, M3TBL 6.7  38.6 0.8 B MT.7T 439 0.9
{ MS561 h6.3 35.0 0.8 : ks, 7 314 0.7
E MT06 46.3 65.0 1.h . ' . 46.1 61.0 1.3
M543 4s.} 91.3 2.0 45.6 102.0 2.2 45.6 102.4 2.2
M113A1  b46.3 W8.% 1.0 ks.h 55.6 1.2
M6  u45.8  59.2 1.3 S k5.9  62.5 1.b f
; M5T1 46.0  29.7 0.6 : 46.9  31.0 0.7 — 3
s 90. 1In the dry-sesson analysis, the M5T1 tracked vehicles had the : :
' ilowest averege .fuel consumption, and the M548 tracked vehicle the highest. é

In the wet season, the M561 wheeled vehicle and the M5TL tracked vehicle : 3
had thg same average fuel consumption, wbich' was also the lowest of all
the vehicles; the M548 tracked venicle and the M520 wheeled vehicle had
the highest for-the two wet-season conditions, respectively. Significantly,

this lowest average was also on the lowest soil strength. The 4520 wheeled
vehicle had the highest average fuzl consumption in the wet season in both
strength conditions, even though its traverse distance was the shortest of
all the vehicles in both wet-season conditions. The fuel consumption rates
for the M656, M520, M“TBl, M548, M113Al, M116, and MS5T1 vere lower in the
dry season, those of the M561 and M706 were lower in the wet season, and
those of the M5hA2 vere the same in both seasons.
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. Cargo Delivery Rate

91. The cargo delivery rate was obtained by multiplying the average

center-line speed and the cargo capacity (payload); the values obtained are
given below.

AR ATNPRA Y

Shiod g

g Dry Season Wet Season " Wet Season
; (60 or %0 RCI) (60 or 40 RCI) (60 or 35 RCI)
3 Average Average Average
§ Center- Center- Center-
] Pay~ line Delivery line Delivery line Delivery
3 load Speed Rate Speed Rate Speed Rate
] Vehicle Tons Mph Ton-miles/hr Mph Ton-miles/hr Mph Ton-miles/hr
1 M656 5.00 2.4 12.0 2.1 10.5 2.1 10.5
M54A2 5.00 2.1 10.5 1.5 7.5 1.5 7.5
E M520  8.00 5.4 43,2 4.8 38.4 4.0 32,0
£ M37Bl 0,75 3.0 2.2 2.3 1.7
o % , :
o M561  1.25 4.1 5.1 4.1 5.1
: . M706  1.00 3.8 3.8 3.6 3.6
| MS48  6.00 3.7 22,2 3.6 21.6 3.4 20.6
g M113A1 1.23 8,7 16.8 7.2 13.9 - ;
¢ M116 1,50 4.5 6.8 4.1 6.2 f_
MS71  1.00 8.5 8.5 o 8.1 8.1 3

,;

92. As would be expected, the M520 with the largest cargo capacity
and fastest center-line speed had the highest delivery rate in all conditions,

L.

B R L S

and the M37Bl with the smallest capacity and less than average speed (of all

the vehicles) had the lowest delivery rate in both dry- and vwet-season condi- j
tions. Both are wheeled vehicles. Of the tracked vehicles, the MSLU8 had !
the highest cargo delivery rate and the M116 the lowest in both seasons.

All the vehicles héd higher delivery rates in the dry season than in the wet, _ :
except the M561, whose delivery rate was the same in both seasons. : ]

+
Ak

; Summary of Vehicle Evaluations

93. The performance of each vehicle was evaluated in terms of average
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- speed over the traverse and the center line, average ruél consumed over the i {
traverse, and center-line cargo delivery rate. Values of these criteria are ! 3
summarized below. ;

Average - - Average Fuel Center-line 4

Traverse Average Consumed Over Delivery .

Speed Center-line Traverse Rate "

Vehicle " mph Speed, mph gal/mile ton-miles /hr 3
Dry Season (60 or 40 RCI) ( ;‘

M656 2.h 2.4 ' 1.3 12.0 .1
M5hA2 2.2 2.1 1.8 10.5 k-

| M520 5.5 5.k 1.8 43,2 3

' M3TB1 3.1 3.0 0.8 2.2 E
M561 h.2 L. 0.8 5.1 ;

- M5L8 3.7 3.7 2.0 22,2 E
M113A1 9.0 8.7 1.0 16.8 3
) Mll6 hos h.5 103 6-8
’ MST].. 8.7 8.5 R 0.6 8.5 “
: : Wet Season (60 or 40 RCI) 3
| i © M656 2.2 2.1 1.4 10.5. ]
: }. M5hA2 1.7 1.5 1.8 7.5 |
b ! M520 4.8 4.8 2.0 38.4 E
Wét Season (60 or 35 RCI) E
M656 2.2 2.1 1.h 10.5 1
: i . M520 3.9 5.0 2.3 32.0 L
4 E M3TB1 2.5 2.3 0.9 1.7 3
| g M561 L.2 h.1 0.7 5.1 ;
M548 3.k 3.4 2.2 20.6 3
M113A1 T.3 T.2 1.2 13.9 d
M116 L.2 4.1 R 6.2 1
M5T1 8.5 8.1 0.7 8.1 j
94. The M113Al had the highest average traverse and center-line ;
speedé in the dry season, and the M5T1 had the highest speeds in the wet. §
The M5UA2 hed the lowest traverse and center-line speeds in both seasons. %
The MST1 consumed less fuel on the average in the dry season, and the MS561 f
and M57T1 consumed the least in the wet. The M548 consumed the most in the ;
" dry season and the 60 or 40 RCI wet season; the M520 the most in the 60 or i

35 RCI wet season. The M520 had the highest delivery rate in both seasons

and the M37TBl the lowest.
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PART IV: CONCLUSIONS AND RECOMMENDATIONS

Conclusions

g 95. Based on the results reported herein, the following conclusions
are drawn:
a. The WES analytical model wes used successfully to evaluate
the off-road mobility performance of the vehicles in this
study over the selected terrain.’
b. Soil strength was not ss significant as other terrain fac- :
tors in evaluating the vehicles over the selected terraiﬁ; ’
3 no vehicles were immobilized because of soil strength. :

BTSRRI

caoH

c. A vehicle can perform well in one set of terrain conditions, :
" but it will suffer penalties in another; thus, no one vehicle »

- B

provided optimum mobility in all ranges of terrain conditionms.

Further, neither wheels nor tracks appeared to result consist-

E ; ently in better performance; wheeled vehicles performed better
é ‘ in some circumstances, and tracked performed better in othgrs. a
B d. Wet-season conditions .usually'i'educed vehicle performance, as 3
evidenced by (1) the reduction in average traverse speed of all ;
; the vehicles, except the M561; (2) the reduction in average g
1 B :

center-line speed of all the vehicles, except the M561; (3) the '
: increuse in average fuel consumption for all the vehicles, except ’
! the M561, MT06, and M54LA2; and (4) the decrease in cargo delivery 1
rates for all the vehicles, except the MS6l.

Recommendations i

96. It is recommended that:

a. The WES analytical model be refined as required to make it even
more useful.

b. The mission environment for any new vehicle be defined in quanti-
tative terms before the new.vehicle is developed. ' .

T
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NOTE: NUMERICAL DESIGNATIONS INDICATE COMBINATIONS OF
STRUCTURE GEOMETRY, SURFACE COMPOSITION , AND
VEGETATION FACTORS. FOR CLASS LIMITS OF EACH
FACTOR OCCURING IN A PARTICULAR TERRAIN COMBI-
NATION. SEE TABLE I.

SEQUENCES IN WHICH FACTOKS OCCUR FROM LEFT TO
RIGHT IN TABULATION ARE NOT INTENDED TO INDICATE
A HIERARCHY OF EFFECT ON VEHICLE PERFORMANCE.
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ROUTE 2

i Bl o 2

CoTwT AR TR

Surface Qeamet)
f?’?— ertica -
RAn Obstacle Approach  Step
e Slope  Spacing  Angle  Height
d!z dej I qe in.
1 o-I.F I3 mima 31016~
2 0-1,5 >150 165.<180 [
3 0-1 5  >150 165180  0-4
i 0-1,5 >12-50 125150 >10-18
5 0-1.5 1% 16510 0-4
3 0-1,5  >150 165<180  0-k
7 0-°.5 >12-50 125150 >18-%0
8 0-1.5  >150 165180  0-!
9 0-1.5 150 165-<180 o-k
10 0-1,5 >50-150 125=<150 >10-18
11 0-1.5  >150 165180  o0-k
12 0-1,5 >50-150 100125 >18-30
13 0-1.5  >150 165180 0.k
14 0-1.5 >150 165180 0-4
15 0-1,5 >50-150 125150 >10-18
16 0-1.5 >1% 165<180  0-k
17 >1.5:4,5  >150 165180  >4-10
18 0-1.5  50-150 125<150 >10-18
19 0-1,5 >50-150 125150 >10-18
20 0-1,5  >1%0 165180  0-i
21 0-1,5  >50-150 100 <125 >10-18
w 0-1,5  350-150  100-125 510-18
23 0-1,5  >150 165-<150  0-4
24 0-1.5 >50-150 12510 >10-18
25 0-1,5 >50-150 125150 >10-18
26 0-1,5 »50-150 165-<1@ 3410
27 0-1.5 50-150 165180 >h-10
28 0-1,5 >50-15%0 129150 >h-10
29 01,5 >50-150 1&5-<150 >L-10
30 0-1,5 »50-150 129150 >18-30
A 0-15  >150 165180  >h-10
ES] 0-1.5 350-150 125-<150 >18-%
33 0-1,5 >50-150 100125 >10-18
3* 0-1,5 >50-150 1251150 »18-%0
35 01,5 550-150 100125 >be10
36 >1,5-b,5  >50-150 125150 >10-18
37 31,8-4,5  >150 165-<180 0.k
51,5-4,5  550-15%0 100125  >k-10
39 >1.5-k5  >150 165180  0-b
Lo »1.5-4,5 150 165180  0-4
h1 >1.5-4,5 5150 165180  0=4
L2 159 >150 125150 >10-18
43 +5-9 >150 125-1%0 510-18
iy >18-30 >150 125150 >10-18
us5 »1830 >150 185=c150 >10-18
46 0-1,5 5150 125150 >10-18
Ly 0-1.5  >5%0-150 100125 >18.-3
0-1.5 >l 165180  0-k
by 1,545 >1% 165~180  0-b

Surface
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KHON KAEN CROSS-(

MOBILITY ROUTH
SURFACE GEOMETRY, SURFACE]

AND VEGETATION FAC
SCALE i

.

Terrain Factor

Table 1

es_(Surface Ceametr,

Surface C:

Gy

sition, Vepetation Structure

Surfac: Surface
Surface Compoxi- Vegetation Structure Surface Geomet — _ Surface Composi-
Compositions’  *ion —'—————r‘m..,—n ;re‘aa. ertice I Canrositions _ tion
le AGH Step Ve I OrTamnT Ral i or Las Steeof Nt ERT T e ey KA Oustasle Afproach  Ster  Vegetntion  Tatlng  Stem of Tlamirv Fusl
:‘ Angle  Height Combination Cone Than = Than — 77,"00' Slope Spacing Angle  Height Combination Cone — an H
dej in. %o, Index =~ T 5in. O In. 50dn. _Lin. . 8 in. 10 in. ae. deg o fv deg _ in. fo, Index - i T
E!B' =25 ST T S5k [ 5 0-5 05 05 >§% > 30 50 >1.5-4.5 5190 125150 O-h ) >60 0-5 Deh [2) [ ;
165180  0-4 2 - >60 >30 >3 >I0-30 »10-30 >10-30  >10-30 >10-30 >30 51 >h.5-9 >150 165-<180  0-b 1 >60 0-4 o-5 0-5 Q-3
165-<180 0- 3 >60 0-5 0-5 C-5 0-5 05 > >3 >30 e 165-<180 Q-h ki >00 0a5 0=5
125156 >10-18 3 >60 0-5 0-5 0-5 05 05 >30 >50 >30 53 165180  0-4 2 >60 >10-3  >10-%0
165180 o-k 6 >60 25+10  D5-10 D5-10 55-10 »5-10 >10-%0 >3 >0 sk > 125-<150 »10-18 [ >00 >5.10 >5-10 §
165180 0.4 1 S6C 0-% 0-5 0-5 0-5 05  >10-30 >30 >3 55 >50-150  150-<165 >10-18 K >60 0. o5
125150 »18-30 3 >60 0-5 0-5 0-5 0-5 0-5 >30 >30 >W0 56 >10-150 125150 >10-18 1 60 6-4 0.5 §
165180  ©0-4 12 >0 >0 >30 >30 >30 >30 >30 >30 > 57 >150 165-<180 0k 17 >60 >9el0 D510 7
165<180  O-b 5 >60 >5-10 [ 0-5 [20) 0+ 31030 >10-30 >%0 58 >150 165180 0.k 1 >60 10430 >10-30 1
»150  125<150 >10-18 3 >50 0-5 0-5 0-5 0-5 0-5 >30 >3 >3 59 >I2-00 125150 >30-48 3 60 0-5 0-5
165180  0-4 15 >60 5-10  55-10  >5-10  >5-10 . <10  >$-10 >10-30 >30 60 S150 165+<180  Oak 3 >60 05 0-% %
150 100-<125 »18-30 19 25-60 05 0-5 Q5 0-5 0-5 >3 > >30 61 40150 165180 -4 3 >60 (20 0-5 -
130 165~180 0.k 7 >0 0-5 0-5 0-5 0-5 0-5  >IC~30 >10-30 >30 &2 >1%50 165—<180 k.10 1 >60 245 5
165180 -k L >60 5-10 0-5 05 0-5 0.7 >5-10 >30 >30 63 150 165-<180  >kal0 1 >60 b LI
190 125150 >10-18 19 25-60 0~5 05 0-5 0-5 0-5 »>30 >0 >30 64 >50-150 165180  0-h a >60 >'0+10  >1L-30
165-<1! 0~ 19 2560 05 0-3 0-5 0-5 0-5 >30 >30 >30 65 >50-140  100-<12% k.10 2 >60 10-%0  >10+%0
50 165180  >410 3 >60 0-9 0-5 0-5 0-5 0-5 >30 >%0 >30 66 350150 100-€125  Dh-10 19 25-50 ©-5 0-5
ESO 125<15¢  510-18 2 >60 >30 >3 31030 >0~V 510-30  >10-30  >10- >¥0 67 >150 165180 >k-10 ] >60 045 0% 3
50 125150 >.0-18 12 >60 >3 >3 >3 >3 >0 >3 >30 >¥ 68 >150 165180  0-k 7 >60 0-5 05 !
%0 165180 U=l 18 25-6C »30 >3 30 >3 530 >30 >¥ >¥% & >50-150 165-<180 >10-18 3 »>60 =5 035
150 100 <125 >10-18 3 >60 0x5 0-5 05 0-5 0+5 >30 >30 >30 70 >50-150  165-<180 >10-18 2 >60 >3 >0 >.0-10 >10-% |
150  100-<125 >10-18 19 25-60 0-5 0-5 0-% 0- 0-5 >30 >30 >%0 7 350-150 125150 >10-18 2 >60 >0 >3 »0-30 >10-3
50 165170 o-b4 9 >60 >10-30  >10-3 >10-30 H10-P >10-X  >10-3W >0 >0 T2 >150 125-<150 Ol 7 >60 0-5 0=5 05 0-5
M150 125140 >10.18 i >60 >5410 0-5 0-5 0-5 0.5 >5-10 >0 >3 3 >150 125150 >10-1 3 >60 0-5 0-9 n- 0.5 {
150 125150 31018 1 >60 0-5 0-5 0-5 0-5 0-5  >10-30 >0 >%0 7h »7-12 165<180 0~ 5 >60 >5-10 0-5 0-5 0.5
150 165<itd  »h-10 3 >0 0-5 0.5 0-5 -5 0-5 >30 >3 >30 5 >12-50  165=180  0-b 5 >60 >5-10 0.5 0-5 0-5
B150  165-<180 k.10 19 2560 0-5 0-5 0-5 (23] 0-5 >30 >3 >30 76 >156 125-<150 >10-1R 5 560 >5-10 0-5 0-5 0-5
150 179170 Bh-10 3 >0 0-5 05 0-5 0-5 0-5 30 >¥% >0 i >1%0 125-<150 O 5 >60 5-10 0-5 0-5 0-5
150 17%<150  >he10 i9 25-60 0+5 0-5 0-5 05 05 >30 >3 >30 8 >i50 165-<180  >h-10 4 >50 5-10 0-5 0-5 2T
150 109150 >18-30 19 25-60 0-5 0-5 0-5 0-5 0-5 >30 >30 >3 79 2504150 100~<125 >10-18 1 60 0-5 0-5 0-5 0-5 1
165<180  >4-10 3 >60 0-5 045 0-5 0-5 0-5 >30 >3 >0 8o 550-150  150=<1h5 >10.18 19 25-60 0-5 0-5 045 05 3
150 125190 >18.30 3 >60 0-5 0-5 0-5 0-5 0-5 >3 >0 >30 81 >50-150  165-<180 >10-18 1 >0 0-5 0-5 0-5 05 18
170 100<12$ >10-18 6 >00 55-10 >5-10  >%5-10  >5-10 >5-10 >10-30 >30 >0 82 >150 165-<180 O L] >60 >5-10 0-5 0-5 0-3 1
150 125<150 >18-% 2 >60 > 530 510-30  >10-30  >10-30 >10-30 >10-30 >30 83 >150 165180  0-b 16 >60 0-5 0.8 0.5 05
=150 100125 >k-10 3 >60 0.5 0-5 0-5 0-5 0-5 >30 >3 >3 al >150 165-<180 0.k 10 >6¢ >30 530 5.0-0  >10-%
150  125-<150 >10-18 3 >60 0.5 0-5 0-5 0-5 0-5 >30 >0 >30 85 >150 165180 >10-18 1t >60 >30  >10-30 >10-30 >10-30 1
E: 165180  0-4 3 >60 0-5 0-5 0-5 0-5 0-5 >30 >3 >30 86 >50-150 125150 »18-30 3 >80 0-5 0. 0-5 05 3
30  100<125  >k-10 k) >60 0-5 0-5 0-5 0-5 0-5 >3 >3 >30 87 >150 165-<180  0-b 16 >60 0-5 0-5 0-5 0-5
o 165-<180 0.k 6 >60 55210  35-10  >5-10  >5-10  >5-10 >10+30 >30 >3 88 >50-150  125~150 >4-10 3 >60 0-5 0-5 0e5 0-5
165180 Ok 15 >60 >5+10  55-10  >$-10  >5-10  55-10  55-10 >10-% >30 89 >150 165180  0-b 1b >60 >5-10 0-5 0-5 0-5
165180 0-k 5 >60 >5.10 0-5 0-5 0-5 0-5  510-30 >10-30 >30 90 550150  125-<150 >18.3%0 10 >60 >30 >30 51030 >10-30
125150 >10-18 1 >60 >5-10 0-5 0-5 0-5 0-5 55-10  >10-30 >30 9 >150 165-<180  0-h 19 25-60 0-5 0-5 0-5 Q-5 3
125-1%0 >10-18 5 >60 >5-10 0-5 0-5 0-5 0-5  510-30  >10-% >0 b 515G 165—<180  0sb 18 25-60 >30 >30 >3 >3
125-<150 >10-18 1b >60 >5.10 0.5 0-5 Q-5 0-5 5510  >10-30 >30 93 >12-50  125-<150 >10-18 7 >60 0.5 05 0-5 0-3 3
& 125+<150 >10-18 5 >60 >5-10 0-3 0-5 0-5 0-5 1030 »10-30 >30 ol 50-100  165-<180 »10-18 19 25-60 0-5 c-5 0-5 0-5 3
125150 >1¢-18 5 >60 >5-10 0-5 0-5 6-5 0-5  >10-30 >10-30 >30 9% >50-150 165180 0.4 15 60 55210  >5-10  >5-10  >5-10
150 100-<125 >18- 3 >60 045 0-5 0-5 9-5 0-5 > >30 >0 96 >%0-150  165-<180 >10-18 3 >60 0-5 0.5 0-5 0-5
B0 165-<180 0k 13 »60 0-5 - 0-5 0-5 0-5 »5-10 »30 >30 97 >150 125-¢150  >Lal0 3 >60 0-5 0-5 0-5 0-5
e 165180  o-k 1 >60 0-5 0-5 Q-5 0-5 05  >10-% >0 >0 98 >150 165-<180 o- 8 >60 31030 >10-30 >10-30 >10-30 i
: E
S i g it . Bt e o PSS T - NP
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JURFACE GEOMETRY, SURFACE COMPOSITION

KHON KAEN CROSS-COUNTRY
MOBILITY ROUTES

AND VEGETATION FACTORS
SCALE
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Surface
Surface Compoai- Vegetation Structure
Conrosition- tion Sé$ 2 stm; ;t
Vepetation m Stems of Diametor Fqual to or Le tems of q s
Combinatian Cone Than -
Ho. Index = “ZIn. S I, 9 in, E E. 1 1n, 3 in, 6 In._ 10 In.
1 >60 0-5 nes 0+5 0-5 0-5  >10-30 > >3
1 >60 0-5 -5 0-5 0-5 05 >10-30 >30 230
2 >60 0-5 0-5 0-5 0-5 0.5 >30 >30 >30
2 >0 >¥ >0 210-30  >10.X  >10-30 1030 >10-30 >3
[ >60 3510  »5-10 5510  55-10  >5-10 >10-30 >30 >30
2 >60 0-9 -5 0-5 0-5 0-5 >30 >30 >0
1 >60 0-5 0-5 0-5 05 0-3 >10-30 >30 ~30
17 »60 >5+10 35-10 <10 55-10 >5-10 >10-30 >10-30 >3
1 60 >3 >19-30  >16-30  >10-30 >1C-3¢  »l0-30 >30 >30
K >0 2] 0-3 0.5 c-5 0-5 >0 >30 530
3 >60 Q-5 0-% 0-5 0-5 0-5 >30 >30 >30
3 60 0-% 0-H 0-5 o5 0-5 >30 >30 >3
1 >60 0-5 0-5 0-5 0-5 0-5 >10-30 >30 >30
1 290 0-5 0-5 0-5 n-5 0-5 >10=30 >30 >30
a >60 >10-30  >10-30  >10-30  >10-30 >10-0  >i0-30 >30 »30
2 >60 >30 30 >10-30 >10-30 >10-30 >10-70 »10-30 30
19 25-60 0-5 0-5 0-5 -5 0-5 >30 >30 »30
4 >60 >5-10 0-5 0-5 0-5 0-5 >5-10 530 >30
7 >60 0-5 0-5 0-5 0-5 0-5  >10-30 >10.%0 >30
3 60 0-5 0-5 0-5 0-5 0-5 >30 >30 >30
2 60 >30 >30 $10-30  >10-30 >10-30 1030  »10-30 >30
2 >60 530 >30 310430 >10-30 >10-30 >10:30 >10-30 >3
7 >60 0-5 0-5 0-5 0-5 65 >10~30 >10.30 >30
3 >60 0-5 0-5 0-5 0-5 0-5 >30 >30 >30
5 >60 5-10 0-5 0-5 0-5 0-5 >10-30 >10-30 >30
5 >60 55410 0-5 0-5 0-5 0.5  >10-30  >10-30 >30
5 >60 35-10 0-5 0-5 045 0-5  >10+30 >10-30 >30
5 >60 >5-10 0+5 0-5 0-5 0-5  >10.30  >10-30 >30
u >60 >5-10 0-5 0-5 0-% 0.5 >5-10 30 >30
1 >60 0-5 0-9 0-5 0-5 0-5 10«30 230 >3
19 25-60 0-5 0-5 0-~5 0-5 05 530 >30 >3
1 >60 05 0-5 0-5 0-5 0-5 510~30 >30 >30
b >60 »5-10 0-5 0-5 0-5 0-5 2510 >30 >3
16 >60 0-5 0.5 0-5 0-5 05 5-10  >10.30 >30
10 >60 >30 >30  >10-30  >10-30  >10-30  >10-30 >30 >30
u >60 53 >10-3 >10-30 >10-30 >10-30 >10-30 >0 30
3 >60 Q-5 0-5 0=5 0-5 0-5 >30 > >30
16 >60 0-5 0-5 0-5 0-5% 0-5 5510 >10-%0 >0
3 >60 0-5 0-5 0-5 0-5 05 > »! >3
1% >0 >5-10 0-5 0-5 0-5 0-5 >5.19  >10-30 >3
10 >60 >30 >3 >10-30  510-30 >10-30 >10-30 >30 >¥
19 25.60 0.5 0-5 0-5 0-5 05 >30 >30 >3
18 25-60 30 >3 >3 >N >30 >30 >3 >¥
7 >60 0-5 0-5 0-5 0-5 05  >10-30 >10-30 >30
19 25-60 05 0-5 0-5 -5 0-5 >30 >30 >3
15 >60 55-10 3510  55-10 35210 >5-10  >5-10 >10-0 >X
3 >60 0-5 0-5 0-5 0-5 0s5 >30 »30 >%
3 >60 0-5 0-3 0-5 0-5 0-5 >30 >0 >30
8 >60 510-30 310-30 >10-30 >10-30 >10-30 >10-30 >10-30 >R
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LEGEND

FEATURES WITH WATER DEPTH < 3 FT.
FEATURES WITH WATER DEPTH > 3 FT.

UNIT DESIGNATIONS FOR STREAM SEGMENTS ARE
BOUNDED BY TICK MARKS WITH EACH BANK IDENTIFIED
SEPARATELY. NUMBER COMBINATIONS IN NUMERATOR OF
FRACTION REFER TO HYDROLOGIC GEOMETRY UNITS
APPEARING IN EITHER TABLE | OR 2. NUMBERS IN
DENOMINATOR REFER TO SURFACE COMPOSITION-
VEGETATION STRUCTURE FACTOR COMBINATIONS
APPEARING IN TABLE 3.

Dashed line areas (@ through ®
indicate aerial photographic coverage
4 shown in figs. 2-T.
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Table 1
drologic Geometry Factor

180200

# Hydrologic features <3 ft are described u.n‘
fication.
’
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Table 1 ’ Table 2 Teble 3 !

Hydrologic Geomstry Factor Combinations Hydrologic Geometry Factor Cambinations Surtace Composition-Vegetation Structure Pactor E

Water Depth <3 Peet® Water Depth >3 Feet i i

? Tercraln Approsch Angle Position of Step ’ Surface Vegetation
H nvex Angle at Top Concave Angle at 3 Step Height Base (Inches Coabi- Composi- of
' of Step, deg of Step, deg in, Above Water Level " artion t{gn Stenn of Dlameter Equel To or Less Than
3 Contact Approach Step Height or Below Water later Depth - — =
{ igg:ggg iggﬁg :;;g:eg Unit Angle, dey in. ‘ Level) P No. ;o8 e b, in. in. 30 1n.
i o M. SR . 5
: 1%-«200 165-420 :-63-814 1 qlzs -- -~ 3-:.5 1 2560 0-5 0-5 05 0-5 o
13 160-<200 150-<165 »18-30 2 <145 - - k.5 N
150-200 150-<165 130-48 3 25-155 - .- 35 2 25-60 >3 >3 30 > it
200-<210 165-<180 518-30 4 145-155 - - k.7 3 >60 0=y 05 ) 0-5 LH
200-<210 150-<165 >1e-3g Z >155-165 - -- 3-b.5 " >60 0-5 o-5 0-5 a5 o
200-<210 150-<165 >30-4 >155.165 - .~ 4.5 . . ]
200-<210 150-Q65 SL8-66 7 >165-180 - - 345 > >0 -3 o-5 05 03 *
200-<210 150-<165 >66-84 8 »165-180 k"36 by 4.5 6 >60 0-5 0-5 0-5 0.5 [
i} 9 145155 b 1<18 t1® >h.5 . . - - y
Fregare }32-2653 >3o>§ta 10 145-155 M At vater level 345 ; >60 25 0-5 0-5 0> w
200-<210 125-50 ShB-66 1 145155 W | 1-12 avles 4.5 0 >5-10 0-5 0-5 0-5 o
210-220 <100 >30-48 12 145-155 k<36 >12-30 awl 3b.5 9 >60 3510 0-5 0-5 0.5 L]
210220 100-<125 >30-U8 13 145-155 3%-48 >12-30 avl k.5 10 >60 >5-10 05 0-5 0-5 [
210-220 100-225 >48-66 1h 145-155 >48 . >L8 gl >k,5 !
210-220 100-A25 SE6-8L 15 >155-165 1224 118 el 3-4.5 1 >60 5-10 .10 5410 >5-10 >
210-220 125-<150 >30-48 16 >155-165 12—<2;60 >30-43 awl 34k, 12 >60 >9-10 >5-10 >5-10 >5-10
210-220 125-<150 >48-66 17 >155-165 2h< 1-<13 il E .
J 210-220 125-250 ~66-84 18 >155-165 sy 102 avl 43 0 '2"° 5710 25md 2510 35-10 1:
19 >155+165 -u8 35-<48 Wl >u.5 Al >60 >10-30 S10-30 21030 >10-30 b2
210-220 150-<165 >30-48 . 3
: 210-220 150-<165 Si8-66 2 >155-165 3%-48 AU voter level 3-b.5 15 >60 S10-30 B10-30 3.0-30  210-30 >U
210-220 150-<165 >66-84 21 >165-180 12-<2h L<18 bl 3-4.9 1 A . P
k 220 <00 >30-48 22 5165-180 1224 At vater level FENS 16 >60 P >10-3%  »10.30  :10-30 >
H >220 <00 >Bl 23 >165-150 12-<232 321: avl >:.5 1P >60 >30 >30 10-30  >10-30 >4
2k >165-180 2h -8 bwl >h.y < o. 9
1 o igg:j‘u"’; z'ég:gf 25 >165-180 24 <3 1<18 bwi 3k 18 >0 >3 >3 >10-30  >.0-30 >l
i To20 125-<150 S16-30 26 >165-180 36-48 1-<18 bwl 34,5 19 >0 0 >30 >30 >30
>250 125-<150 >30-h8 2T >165-180 3648 At vater level 3-4.5 4
: >220 125-<150 SiBe66 ;
!-, >220 125-150 >66-84 "'
§ e 125-<150 >84
3 :
Y 3
E
3
* DBelow water level. .
tr‘ #»  Above vater level, ]
logic featurcs <1 ft arc described using surface geometry classi- -
tion.
x 4
3
g4 FTr . |, s i "“ eens R .
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KHON KAEN CROSS-COUNTRY
MOBILITY ROUTES

HYDROLOGIC GEOMETRY, SURFACE COMPOSITION
AND VEGETATION FACTORS

SCALE
i g ) 3 ) amLes

Table 3
Surface Cumpositioa-vigetatlon Stricture Fucter Swoblnaticng

-
' Combi~ ?;;::- wzg 3
netlon tion Stems of Diameter Equal To or lees Than Stems of Dismeter Equul To or More Thun
b . o T TS G in 50 1o Tin.  31ia T in. JURTH
. 1 < -5 0-5 0-5 0-5 05 >30 >30 ~30
2 >30 >10 >30 >3 >30 =»30 >30 >30
3 0-5 0-5 0-3 0-4 P28 >%9-10 >10-30 >30
4 0-5 0-5 0-5 Q-5 0-5 »5-10 >3 >30
S >. 0-5 045 05 0-5 0-5 >10-30 >10-30 >30
3 = 0-5 5 0-5 0-5 0-5 >10-30 >30 >3c
T >o. 95 0.5 3-5 0-5 0-5 >30 >30 >3
- 8 >60 >5-10 0-5 05 Q-5 0-5 >5-10 >10-30 >3
9 >60 2510 0-5 0-5 0-5 05 >5-10 >3¢ >30
10 >60 10 Q-5 0-5 0-5 0-5 >10-30 >10-30 >30
11 60 -5-10 ~3-10 >5-10 >5-10 >5+10 >5-10 >10-30 >30
12 60 #5-10 >5-10 >4-i0 >5-10 »5.10 >10-30 >10-30 >30
13 »60 >5-10 >5-10 55-10 >5-10 >5+10 >10-32 >30 >30
14 >60 2130 >10-30 >10-30  >10-30 >10-30  >10-30 >10-30 >30
15 >0 2030 >10-3¢ >00-30 >10-30 >10-30  >10-30 >30 >30
16 >60 >3 >10-30 »16-30 >10-30 >10-30 >10-30 >30 >3
17 >00 >30 >30 >10-30 >10-30 >10-30 >10-30 >10-30 >30
13 60 >30 >0 »10-30 >10-30 >10-36 >10-30 >3 >30
19 >0 > >30 >30 >30 >30 >30 >30 >3
—
Plate 2.
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ertla 180°% amposify
Obstacle Approach  Step Vi
Terrsin Type  Slope  Spacing Angl:  Height Cowbingll
L] .

No. deg ba] le; . 1

0-1.5 >12-50 'm_gﬁs- RN "

2 0-1.5 % 165-Q80 0.k Y

3 0-1.5 150 165-<180 Ok 3§

" 1.5 »2.50 1£5-<150 >10-18 2 1

5 0-1.5 % 165-<a80 0=k N

6 0-1.5 150 165-a80 0=l 1

AA 3 165-080 Uk E I

7 125.Q50 >18-3 3

A 125150 >18-%0 19

8 165-80 ok ui

4 165-<180 ok 3%

10 125-230 >10-18 3

1 165-Q80 0.k 3}

12 100-<125 >18-3% 19.

13 165-A0  0-b 7§

1 165-<180 0=k vy

1bA 265-180  O-k n 4

15 125.QA50 >u«18 192

16 165-ab0 0.4 19+

17 >l 165-Q80 410 3 3

18 125-50 >10-18 B

19 125-Q50 >10-18 12

20 16580 Ok 18/

21 10025 10-18 3

22 100-<125 51018 194

23 1580 0-k e]

2 125-A% >10-18 :

2 125.150 >10-18 11

6 165160 »ke10 3.

2?7 165-<180  >h.10 19 ;

28 125.QA5% .10 34

29 155 410 19

» 175.450 >18-30 19!

N 165-Q180  Sh.10 3

52 125-Q% >18-30 2:

3 100-<125 1018 E

3% 125.Q% 18- T

35 100-Q25 >k-10 3¢

% 1.5k, 5 125-Q5%0 >10-16 13

%A >1.5+4.5 125-4% >10-18 pUE

w >1.5-4.5 165-Q60  O=b 3

%" >1,5+k.5 100<125 .10 ig

%. ' 19 >1.5+4.5 165-80  O-k k
0 S1.%5-h.5 165-Q80 0k 193

E’ 3 Sl.oek,5 163-q80  0.b §:

4 [+ >4, 5.9 > 125-Q50 >10-18 LY

3 '} 5k, 5-9 125.€150 >10-18 i‘
v ik >18.% 125.Q50 >10-18 bt

£ us >18-30 125-15%0 “10-18 5‘!
Y 125-<150 >.0.18 3.
N W 100-<125 »18-30 3

b, W8 165-180 0~k 137

i L] >1.5= 165-Q60 0~k 1
3 0 1,545 125.250  O-b 1
k 51 4,59 165-Qf0 Ok 1.
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Sbhboia bl oo ie SUEERRRRLL 3

iz fece Jeometr S\u-rm: [] Burface ouy i

?_ (.i"—![uﬁ 80% Compositiaon~ a - Composition-

{ Obatacle Ajocoach  3tep  Vegetation Obatacle Aﬁ'ﬁ‘:-ch Step  Vegatation 1"&"‘- 7 YosmioT Fhaster Yoy
. Spacing Angle Height Combination Terrain Type Slope Spacing Angle Height Combination Oone 3
X d . No. 4 8 pe
} _é> % 'uS-kE 31015 Ex'\}' 25% 0e5 0-5 05 Te5 G5 530 >%0 - = é-i.! 75 'Bgﬁﬁ é‘f- - h‘}_ ‘*‘ =

>150 165-Q80 0=k 2 60 >30 >30 51030 >10-30 >10-0  >10-30 »0-3 >% 53 165-80 0= H 60 >%
150 165-Q480 0.4 3 60 Q=5 0-5 0.5 0-5 0 >3 >0 >3 % 125-Q1% >10-18 6 260 »5-10
>12-50  125-<150 >10.18 3 260 0-5 05 0-5 0-5 0-5 >¥0 >30 >30 LY 150-<165 >10-18 k] 60 05
] 165-<A80 0l & 60 55-10 >5-10 510 5510  >4-10 >10-X > >30 % 129-<150 >10-18 1 260 0-5
! >150 165-<180  0-kh 1 60 0.5 0-3 0-5 0-5 05 >10-30 >30 >30 564, 185-Q50 >10-18 20 25-60 -5
>150 165-<180 0=k 20 25-60 0-9 0=5 05 0-5 0-5  510-30 >10-30 >30 57 165-Q8o o<k 17 260 >5-10
312-50 125430 >18.30 3 60 [T] 0-5 0-5 0-5 0-5 >30 >30 >X 8 165-Q80 0~ 1 60 >
SL2-%0  125-<1%0 >18-% 19 25-60 0-5 0-5 0-5 0=5 0-3 >% >30 >30 59 125-Q5% >30-h3 3 60 05
>1%0 165-<A80  0-4 12 60 >30 >0 >30 >3 >3 >30 > »30 0 165-A80 0.4 3 >60 0-%
150 165-Q80  0-4 5 60 5-10 0-5 0.5 0=5 Q=5  >10-30 310-30 >¥0 6 165-A80 Ok 3 50 05
50150  125-2%0 >10-18 3 >60 0-5 0-3 »3 0-5 0-5 >3 >30 >3 62 UI~a80 .10 1 60 0-5
150 165-<AB0  0-k 15 60 55-10  >5-10  >5-10  >5-10 5.0  >5-10 >10-30 >30 63 165-<tB0 10 1 60 0-5
0-150 100+<125 >18-30 19 25-60 0-5 0-5 0-5 0s5 0-5 >¥ b >30 6l 165-QB0  Geb 9 >60 >10-30
> 165-<180 0=k 7 60 05 =5 0-5 0-5 0-% 1030 1030 >3 65 100-225  >e-l0 2 260 he
>1% 165-<180 o=k 4 560 >5-10 0=% [ 2FY 0=9 0-5 >5-10 >3 >0 66 100=<125 >hel0 19 28-60 S )
>150 165-A8  0- 21 25-60 35-10 0-% 0-5 0-5 0-5 %5-10 >% >30 67 165-Q8 .10 i 60 »%-10
350-140  125-<150 >10-18 1 25-60 0-3 0-5 0-5 0+5 0-5 >30 >3 > 68 165-Q80  0-k 7 %0 0-5
50 165-A o=k 19 25-60 [ 0-3 0=5 0+5 0-5 30 >30 >30 €9 165-Qf0  >10-18 3 60 0-5
150 165-A80  >4~10 3 >60 -5 0-5 0-5 05 0-5 >3 >30 >30 70 165-a80 018 2 60 >30
50-150 \25.<A50 >10418 2 60 >30 130 51030 >10-30 >l0-X  >10-30  >10-0 >30 n 125-A50 >10-18 2 60 >0
“50-170  125-€150 >10-18 12 26 >30 30 >30 >30 >3 >30 >3 >30 TIA 125-QA50 >10-18 2@ 25-60 >3
1% 165-Q80  Oaly 18 25-60 >30 »30 >30 >0 230 >3 >30 >0 [ 125150 ek 17 60 0=5
950=150 100-<125 >10-18 3 260 0=5 0-5 0=5 0-5 0-5 >X >3 >3 4] 125-<13¢  20-18 ) 260 0-5
50-150  100-<123 >10-18 19 25-60 0-5 0-% 0 Q- 05 >3 >3 >30 ™ 125.4% >10-18 19 25-50 0-5
>150 165-<40  Oabi 9 260 310-30  >10=30 >10-30 510-30 510-30 *10-30 >3 >3 -m 163-280 o4 ) 60 5-10
350-150 125-<15C >10.-18 L 260 »5-10 0-5 =5 0-5 0-5 >5-10 >30 >3 15 165-<180 0=4 % 60 »5-10
50150  125-<150 >10-18 1 60 05 0-5 0-5 0s5 05  >10-30 >3 >3 1% 125-A5%0 >10-18 5 60 >5-10
0-1%  165-<180  >4-10 3 260 0% 0.5 0e3 0-5 -5 >% >30 >3 ™ 125-Q5%  0-h 5 60 %5410
350-150 165480 -0 19 25-60 05 0-3 0-5 0-5 0-5 >3 >30 >30 78 165+280 10 4 6 >5-10
>50-150 123-Q%0 M-10 3 60 0-5 0-5 0-5 0-5 0-5 >3 >0 >» 79 100-Q25 >10-18 1 60 05
50-150 125-Q5% h-10 19 25-60 0-5 05 0-5 0-5 J-5 >30 >3 >30 8o 150-A65 >510-18 19 25-60 03
550-150  123-AA50 >18.30 19 25-60 0-5 0-5 0-5 29 -3 >0 >3 >30 8 165-Q80 >10-18 1 60 0-5
150 165-<180 =10 3 60 0-5 0-5 0-5 05 Q-5 >3 >30 >30 82 165180 Ok 4 260 >5-10
>50-150  125-A3 >18-30 3 260 0=% 0-5 0-5 05 0-5 >30 >0 >3 83 165-A80 -k 16 260 0.5
>50-15%0 100-<125 >10-18 6 60 55-10  35-10 5510 >5-10  >5-10 >0-¥ >30 >30 o 165-A80 0=k 10 60 >30
350-150  125-<150 >18-30 2 60 >30 530 210-30  >10-30 310-30  310-30  >10-30 >30 85 165-80 >10-18 1 60 >30
5£0-150 100125 410 3 60 0-5 05 05 0-5 -5 >30 >30 >0 86 125-Q50 26-30 3 60 05
>50-150 12%-Q%0 >10-18 3 >0 0=5 0=% 0-5 0-5 0-5 >30 >30 >30 86 125-Q% >18-30 19 25-60 05
>0-1%0  1235-45%0 >10-18 19 25-60 -5 0-5 0-5 0-5 0-5 >3 1030 >0 ar 165-<180 -k 16 60 rat]
150 165~-180 O~k 3 >60 ua$ 0-5 0-5 0-5 0-% >0 >N >30 88 125-A% >hi-10 3 60 08
350-150  J00-<125  >k-10 3 ~60 0-5 0-5 0-5 0-5 0-5 >30 >3¢ >3 884 125-QA50  M-10 19 25-60 0-5
157 1645-<180 Ol 6 50 35e10 510 510 >5:10 510 >10-30 30, .. 8a 165-Q80 0=l 1 >60 >5-10
>1% 163-280  0-4 13 60 %5=10  >5-10  5.10  >5-10 510 Me10  S-X >30 % 125-450 18- 10 260 >
>150 16510 0=h 5 x6¢ 5-10 05 Uy 0-5 0.5 51030 >10-30 >3 9 165-Q80  O-b 19 25-60 0-5
50 125-150 >10-18 b 6 5510 0-5 0-5 0e5 0e5 510 >10-30 >3 3 165180 0-k 18 25-60 >0
! >1%0 125-€150  >10-18 5 60 %5+10 0-5 0e5 0-5 0-$ 0.3 >10-30 >30 a 125-150 >10-18 7 60 0-%
>1%0 125-Q% >10-18 ) 60 %513 -5 0-5 0.5 05 -0  >10-30 >30 o 165-280 >10-18 19 25-60 0-5
>150 125-Q% >10-18 5 60 >5-10 0-5 0-5 0-5 0-5  >16-30 M0-30 >% 95 165-A80  O-k 15 >60 %510
5150 125-<150 >10-18 5 60 510 0-3 0-5 05 0.5  D10e30 103 >3 % 165-80 >10-18 3 60 05
>50-150  100-<125 >18-30 3 60 0-3 05 0-5 0-5 0-5 >3 >3 >0 96A 165-<180 >10-18 19 23-60 -5
>0 165-R)  0-b 13 60 0-5 -5 0-5 0.3 0-5 >5-10 >3 >30 97 125-<150  >4-10 3 60 05
>150 165-<180  0-4 1 60 0-5 Q-5 0-5 0-5 05  >10-3 >30 >3 9TA 125-<150 >-10 19 25-60 0-%
>150 125-50 0L 1 60 0-5 05 05 0-5 0-5  10-30 >0 >3 o8 0-1,5 150 165-80  0-4 8 >60 >10-30

) >150 165-Af0  0-h4 1 260 0-5 0-5 0-5 0-5 05 >10-30 >3 >3

o

t

‘b ik i A ok v osee ik - ten "




KHON KAEN CROSS-COUNTRY
.. MOBILITY ROUTES

et Season Areal Terrain Types

SCALE

4 UnE8

Step

Helght Combination
N,

Surfuce
o Surface omp
ompositions iﬂg
Vagatation g T ary r or o 23 or
% e e

'L'F'o- _B'S'_' %‘
b ? 260 >3 50 >10-% SI0-X 0= 0P N} >3
31018 [ >60 510 »8.10 =10 >3-10 .10 >10-% % %0
>10.18 3 60 0-3 0-3 0-3 05 0% >0 >0 >0
51018 . 60 0-5 [ 3] =3 05 0-5 M0 >3 >%0
>10.18 20 23-60 0-3 0-5 0-$ (3 05 103 MY >%
[ 17 60 S5.10 D510 =10 3510 =10 %Y  N-p >¥%
O u 260 330 S10=30 100 S0P  0-X SN 0 >0
>30-U8 3 60 0-5 0-3 -3 [ 0-8 >% >% >%
: Ok 2 260 -3 0.3 (] 0.5 0-5 >0 >0 >%
$e<1B0 Ol 3 >80 0% 0-% 0-3 Q3 0.3 >0 >% >0
W3-<180  M10 1 60 0.5 0-8 0-5 (=] 03 =3 >3 >
Q80 >h.10 1 260 0.5 3 -] 0-5 05 0% 30 »>%
s.cAb0 Ok 9 60 S10:30  310-30 31030 00 M= 0= >% >0
B 5 .10 2 260 > 33 31030 310-30 M0 0= >0-0 >0
Q25 >4.10 19 23-60 05 0-5 0-3 03 0-% >0 >% >»
80 .10 3 60 >8-10 05 0-3 0-5 0-8 510 i >3
23¢8.QB0 Ok 7 60 0.3 05 05 05 0=5 103 M0-X >0
ME5-<180 >10-18 3 60 03 =5 G5 0.5 0-5 > %0 >%
~180 >10.18 2 260 >3 3%  >10-30 5l0.30  0-30 03 0.2 >3
A% >10-18 2 60 >0 530 310-30 10X  310- Sl 0¥ >¥9
FAR8-A% “10-18 ® 2560 >0 50 0= 100 MNP 00 MY >0
EIRS-A%0 Q-4 7 >60 [ 3] 0-8 0-5 0-5 0-% 0 - >%
| M%-<150 Di¢-18 3 60 0.8 0-3 (] 0-3 08 >0 >0
Ww3-AW >10-18 19 23-60 -3 03 03 -5 =3 Be >! >
165-QA80  O-h 5 60 5-10 05 [ 5] 0-5 08 31030 N0 >¥
Eus-qeo Ol 5 60 »5-10 0-5 09 0-3 0=5  5I03 M- >¥%
W5-AW  >10-18 5 60 =10 =3 0=3 05 -3 310-30  >10-% >%
WI-A0  0-h 5 60 5410 0-5 0-3 05 0=5 D030 M= >%
WA A 4 0 >5-10 0-3 08 0-5 03 510 >0 %0
[y 5 >10-18 1 60 ] 0-% 0-3 03 0-% >10-% >3 >%
guo-qs') >10-18 19 25-60 -3 05 0.5 0.5 -3 >% >% >
F 1 60 0-5 0-5 0.3 0-% 0-5 0.0 >» >0
¢ Y 60 >3-10 [ ] 0-% 0-5 0-3 5410 >0 >0
16 60 0-5 -5 -3 0-5 0-5 %510 1030 >%
10 50 >3 » 31030 2103 0=-P 0= >% >0
1n 60 ¥ 310-30  D>l0= 103 0= D1 »30 >%
3 260 0-5 0-5 [ 0-5 [ 30 >¥9 »0
19 25-60 0-3 0-5 0.3 0=5 0-5 >3 >0 >%
16 >0 0=5 [ 2] 0=5 05 -5 .10 D0 >%0
3 60 0.5 05 0-5 0-5 0-5 >0 >0 >0
19 25-60 0-5 0.3 0-5 -5 (] >%0 > %
14 2060 >5-10 0= 0! 0-% -3 3510  M0-P >0
10 60 >0 530 10-30 31030  >10-30 3103 >0 >%
19 23-60 -5 0-3 0-8 0-5 0-5 >% >R
18 2560 >3 >3 >3 >0 >R >0 35 >0
7 0-3 0-5 05 0-5 05 0= M- >0
19 25-60 -3 05 03 0-3 0-% >30 b >0
15 >5-10 =10 3510 3%5-10 >3-1C ¥5-10  20-30 >¥%
3 0-5 0-3 0-3 0=5 05 s >0
19 25+60 0-$ =5 0-5 0.5 [ >% >0 230
3 20 0-3 05 Q8 Q-5 =3 >0 >% >0
19 25-% 0-5 0~5 0-5 08 05 >0 >3 >%
8 260 M0-30 >10-30 019 310-31  N0=30 N0 NP >0
g N
. 4
L N 5 .
v e,
Plate 3
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AT THE R e

3
3
) LEGEND
3 s FLATURES WITH WATER DEPTH <3 FT.
s e FEATURES WITH WATER DEPTH >3 PT. .
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APPENDIX A: WES ANALYTICAL MODEL FOR PREDICTING
OFF-ROAD GROUND VEHICLE PERFORMANCE

1. The WES enalytical model for predicting cross-country performance
{s described in detail in WES Technical Report No. 3-783, "An Analytical
Model for Predicting'Cross~Country Vehicle Performance," which is now in
preparation. This mcdel uses as input data terrain characteristics, vehicle
characteristics and performance, and terrain-vehicle performance relations
to predict performance. in terms of speed, fuel consumption, and delivery
réte.

2, The portion of the WES analytical model that pertains to vehicle
performance predictions (speed and delivery rate)'in areal terrain factor
complexes composed of any combination of factors of surface composition,
surface geometry, and vegetation was used in this study and is identified
in fig.Al as program 1. Brief discussions of the basic reletions used and

the application of the WES model are presented in tablesAl and42, respectively.
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INPUT TERRAIN DATA, VEHIC'E CHARACTERISTICS,
AND TERRAIN-VEHICLE PERFORMANCE RELATIONS

1

L AREAL TERRAIN FACTOR COMFLEXES 2J

l

nl

AREAL TERRAIN FACTOR COMPLEXES
COMPRISED OF ANY COMBINATION OF
FACTORS OF SURFACE COMPOSITION,
SURFACE GEOMETRY, AND VEGETATION

{ PROGRAM | 9
¥

ROUTINE )

ESTABLISH AVAILABLE FROPELLING

FORCE (P,) — SPEED RELATIONS
Y

ROUTINE 2

DETERMINE RESISTING FORCES

(Ri +F)

NO OBSTACLES
PRESENT

PREDICT SPEED {F NO OBSTACLES
PRESENT

1
{oBSTACLES PRESENT ]
i

ROUTINE 3

ESTABLISH PROPELLING FORCE
(P' - Fom) — SPEED RELATIONS

FOR OBSTACLE HEIGHT THAT CAN BE
OVERRIDDEN

T

ROUTINE 4

ESTABLISH RESISTING FORCE
(Rs R Fo) ~ STEM DIAMETER

RELATIGNS

I
ROUTINE 5

ESTABLISH PERCENT AREA DENIED —
OBSTACLE HEIGHT — STEM DIAMETER
RELATIONS

i
ROUTINE &

ESTABLISH SPEED CONTROLLED BY
PERCENT AREA DENIED {AVOIDING
OBSTACLES) — OBSTACLE HEIGHT —
STEM DIAMETER RELATIONS

ESTABLISH SPEED CONTROLLED BY
FORCE (OVERRIDING OBSTACLES) —
OBSTACLE HEIGHT — STEM DIAMETER
RELATIONS

i I
ROUTINE 7

SPEED SELECTED ON THE BASIS OF
TRADEOFF BETWEEN OVERRIDING
AND AYOIDING OBSTACLES

DETERMINE MAXIMUM STEM
DIAMETER AND OBSTACLE HEIGHT
70 BE OVEKRIDDEN

1
ROUTINE 8

DETERMINE AVERAGE SPEED
CONTROLLED BY RECOGNITION
DISTANCE

1]
ROUTINE 9

PREDICT SPEED

ir

ROUTHIE 10

PREDICT FUEL CONSUMPTION RATE

DETERMINE DELIVERY RATE

|

AREAL TERRAIN FACTOR COMPLEXES &
CONTAINING MICROGEOMETRY FEATURES
DESCRIBED AS DISCRETE LINEAR
OBSTACLES OF UNIFORM SIZE AND
SPACING {CYCLIC) SUCH AS RICE FIELDS

i
ruoc_uiﬁ 71

ROUTINE 1

ESTABLISH AVAILABLE PROPELLING
FORCE (P') — SPEED RELATIONS

IOUI:N! 2
DETERMINE RESISTING FORCE
(** F)

PREDICT 2ERC SPEED IF R, + f,
1S GREATER THAN P,

I
ROUTINE 3
CONSIDER OBSTACLE—VEHICLE
GEOMETRY RELATIONS
PREDICT ZERQ SPEED {F VEHICLE
CANNOT NEGOT!ATE OBSTACLE DUE
TO OBSTACLE~VEHICLE GEOMETRY
DETERMINE MAXIMUM SPEED FOR
CROSSING OBSTACLES AS
CONTROLLED BY DYNAMIC RESPONSE
PREDICT ZERO SPEED IF DYNAMIC
RESPONSE FOR CROSSING OBSTACLE
1S TO0 LARGE

1
ROUTINE 4

ESTABLISH SPEED—DISTANCE AND
TIME—-DISTANCE RELATIONS FOR
ACCELERATION AND DECELERATION
DETERMINE APPARENT CONTACT
SPEED BASED ON RESISTING FORCES
AND DYNAMIC RESPONSE

¥

ROUTINE 5 ]
DETERMINE TOTAL FORCE REQUIRED
T0 CROSS OBSTACLES
PREDICT ZERO SPEED IF
INSUSFICIENT TRACTION AVAILABLE
FOR CROSSING OBSTACLES
DETERMIKE AVERAGE SPEED FOR
CROSSING AN O0BSTACLE
DETERMINE TIME FOR CROSSING AN
OBSTACLE AT AVERAGE SPEED

)
ROUTINE 6

LINEAR TERRAIN FACTOR COMPLEXES

:

!

l ]
4

§

@

i

;

7l %

1S WATER PRESENT ?

PROGRAM 3 "
)
ROUTINE |

DETERMINE IF OBSTACLE GEOMETRY
WILL ALLOW THE VEHICLE TO
NEGOTIATE LINEAR FEATURE

[ARE OBSTACLE
DEPTH, VELOCHTY
EXIT ANGLES ACH

ESTABLISH AVAILABLE PROPELLING
FORCE—SPEED RELATIONS FOR SOiL

5
ROUTINE 2

DETERMINE MAXIMUM FORCE
REQUIRED TO NEGOTIATE LINEAR
FEATURE

DETERMINE THE MAXIMUM SPEED
FOR CROSSING THE LINEAR FEATURE
AS CONTROLLED BY FORCE

DETERMINE TIME

—-lﬂoﬂl

{BY_ AMPHIBIOUS

T
ROUTINE 3

"D ERMINE MAXIMUM SPEED FOR
CROSSING LINEAR FEATURE AS
CONTROLLED BY DYNAMIC RESPONSE

[DETERMINE TIME §

PREDICT TIME REQUIRED T0 CROSS
LINEAR FEATURE

_Y
ROUTINE 4

PREDICT AMOUNT OF FUEL
CONSUMED WHILE CROSSING LINEAR

DETERMINE TOTAE

CONSUMPTION 1‘

FEATURE
—

e, st il

ROUTINE 5

PREDICT TIME AND AMOUNT OF FUEL

DETERMINE MAXIMUM SPEED
BETWEEN OBSTACLES

OETERMINE TIME AND DISTANCE FOR
ACCELERATING, FOR DECELERATING,
AND AT MAXIMUM SPEED BETWEEN
OBSTACLES

DETERMINE AVERAGE SPEED FOR
ACCELERATING AND DECELERATING
BETWEEN OBSTACLES

PREDICT SPEED

1
ROUTINE 7

DETERMINE AVERAGE FUEL
CONSUMPTION RATE

NETERMINE DELIVERY RATE

Fig.Al.

CONSUMED

WES analytical model for predicting vehicle p1

o Bl R Lt o K P Pk A o b k. i

P = AVAILABLE PROPELLING FORCE

R, = MOTIGN RESISTANCE DUE TO SO
F, = FORCE DUE TO GRAVITY

Fom = AVERAGE FORCE REQUIRED TO CROSS 1
Fo = AVERAGE FORCE REQUIRED TO OVEIMDE!

Sp = SPEED ACROSS OBSTACLE CONTROLLED I!
1

o




TA, VEHICLE CHARACTERISTICS, |
ICLE PERFORMANCE RELATIONS

i
{
i
!
1
|

7 3
" LINEAR TERRAIN FACTOR COMPL"XES Limmc GROUND PROFILE " PERIODIC) ‘}
4
7 3
: PROFILE OF A SLOPING O LEVEL ]
3 SURFACE CONTAINING ABRUPT 1
IS WATER PRESENT ? IRREGULARITIES OF NONUNIFORM SIZE ¥
. g AND SPACING ’
) X
{ PROGRAM 4 12| | PROGLAM § 9] 3
T \ 1
ROUTINE 1 ROUTINE | :
ARE OBSTACLE GEOMETRY, WATER DIVIDE SPECIFIC PROFILE \NTO
- NO 60 DEPTH, VELOCITY AID ENTRY AND N 60 DISCRETE SEGMENTS
EXIT ANGLES ACCEPTABLE ? = | - -t s§
DETERMINE SUBMERGED DISTANCE ROUTINE 2 Y
Y — ESTABLISH AVAILABLE PROPELLING i
ROUTINE 2 FORCE~SPEED RELATION p
15 TRACTION SUFFICIENT ? -————-—{Eco Y ¢
YEs :l ROUTINE 3 3
DETERMINE ENTRY AND EXIT TiMt ?:“f"r"‘)‘ RESISTING FORCES i
T s 3 2
YTy ROUTINE 3 ] T 3
AL DETERMINE TIME 10 CROSS WATER ROUTINE 4 i
BY AMPHIBIOUS VEHICLES DETERMINE IF VEHICLE CAN 3
PR NEGOTIATE OBSTACLE DUE YO :
ROUTINE 4 OBSTACLE--VENICLE GEOMETRY
’ DETERMINE TIME TO CROSS WATER PREDICT ZERD SPEED WHEN i
e BY NONAMPHIBIOUS VEHICLES i C3STACLE~VEHICLE INTERFERENCE ?
E— 15 SUBMERGED TIME ACCEPTABLE ? F"No 60 | OCCURS ~ i
' YES ] UETERMINE MAXIMUM SPEED FOR P
i — CROSSING SEGMENT AS CONTROLLED 4
: ROUTINE 5 ROUTINE 6 J BY MAXIMUM VERTICAL i
. DETERMINE TOTAL TIME AND FUEL ESTABLISH TIME PENAL Y “ND TUEL | ACCELERATION. 5 1
u*AR CONSUMPTION CONSUMPTION FOR PENALTY TIME I PREDICT SPEED WHEN Sp = 0 4
) .
A ROUTINE § 3
L ESTABLISH SPEED-DISTANCE AND
FUEL TIME=DISTANCE RELATIONS FOR 3
. ACCcLERATION AND DECELERATION j
- DETERMINE APPROX EXIT SPEED FOR :
SEGMENT
N ¥ r
: ROUTINE & .
DETERMINE TOTAL REQUIRED FORCE ;
‘ DETERMINE IF SUFFICIENT TRACTION ]
y 1S AVAILABLE i
4 PREDICT AVERAGE SPEED FOR 3
SEGMENT CONTAINING ABRUPT *
- IRREGULARITIES E
‘ y 3
i ROUTINE 7 4
: DETERMINE MAXIMUM SPEED FOK {
4 SMOOTH_SURFACES i
: DETERMINE TIME FOR CROSSING p
: SMOOTH_SEGMENT i
PREDICT AVERAGE SPEED FOR §
A Py = AVAILABLE PROPELLING FORCE SMOOTH SEGMENT §
¢ . ' L
A r, = MOTION RESISTANCE DUE TO SOIL ROUTINE 8 .
t F, = FORCE DUE Y0 GRAVITY DETERMINE FUEL CONSUMPTION RATE ;
: FOR ALL SEGMENTS 3
4 Fom = AVERAGE FORCE REQUIRED TO CROSS MULTIPLE OBSTACLES - Y ;
r ROUTINE 9
£ = AVERAGE FORCE REQUIRED TO OVERRIDE MULTIPLE STEMS
: o " DETERMINE AVERAGE SPEED FOR
: $p = SPEED ACROSS OBSTACLE CONTROLLED BY DYNAMIC RESPONSE SPECIFIC_PROFILE p
P DETERMINE AVERAGE FUEL ]
] CONSUMPTION RATE FOR SPECIFIC 2
: PROFILE ;

DETERMINE DELIVERY RATE FOR
SPECIFIC_PROFILE

for predicting vehicle performance

»
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SURFACE COMPOSITION

bavement-vehicle relations

The WES enalytical model for predicting cross-country performance of
military vehicles begins with a basic relationship peculiar to each vehicle
type, which expresses the maximum tractive force that can be developed at
any speed on & firm, level surface. The relation for & particular vehicle
may be obtained empirically by drawbar pull-speed and motion resistance-speed
tests on a firm, level surface or may be computed from engine performance data
taking into account propulsion system losses. An example of this relation is
shown in the following sketch:

.
*\\\\\>

—

1t

Tracrive Force

/

Speed, mph

Svil-vehicle relstious

For a given soil type and strength within a terrain complex, the maximum
traction that the vehicle can develop, the motion resistance, and the tractive
force-slip relations are used to adjust the relation shown in the above pa.a-
graph for the effect of soil strength. This may be done empiriga]ly, by field
tests. or may be computed by previously established relationsi*® to yield a
curve showing the tiactive force that the vehicle can develop at any speed
on smooth, level soil of the given type and strength. An exemple is shown
in the following sketch.

Tractive Force-Speed
‘\\\ Relation Adjusted for
~.. Soil Strength and Slip

Moui~n Resistance -

Tractive Force, 1b

Spees, mph

Although vehicles rarely attain the maximum speed permitted by the surface they
are crossing,~ the above relation may be considered as the baseline of the WES
model. Or the tractive force axis are entered the other resisting forces; on

the speed axis are entered speed limils imposed by surface roughness, visibility

and the effects of water crossings (swimming, fording, and entrances and exits
from streams).

1,2 Raised numars refer to the List of References at the end of
this paper.
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SURFACE qu

Slopes

The effect of macroslopes (slopes lo
on vehicle speed is takenr into account in
to compute the forces due to gravity as shg

Large scale linear obstucles

1
w}i,
el
)
3

For such obstacles as ditches, dikes,q
vehicle-terrain model is constructed to det
and if not to determine the maximum vehicle,;
the vehicle attempts to negotiate the obsta
following sketches. p

-« 3

~ p

B A !

3' 1

yd ]

S NP~ i e W
Interference K

The force required for the vehicle to negot
angle is considered as the maximum force ref

Large scale non.inear obstacles

§
b
4

Boulders, mounds, craters, end other
the vehicle may override (vertical obstacle
are evaluated in the same manner as the 1l
override is concerned. For those which
determined by the area denied-speed relstiq
or predicted relation which indicates the
area denied is within the limits of 10 per
is less than 10 percent, there is no effect:
than 60 percent, the area is impassable.
shown in the sketch bLelow.

3
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i
,‘,—-Maximum speed of veﬁ
4
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1
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Tablel .
BASIC REIATIONS USED IN THE WES MODEL

SURFACE GEOMETRY E

Small scale obstacles

i shral

Small scale obstacles (surface roughness) which cause vibration
or vertical acceleration of the vehicle, may be linear or nonelinear
and may or may not be avoidable. TFor those which are unavoidable,
the aversge force-speed-obstacle height relations! are used to de-
termine the average force required for override and the speed-cbstacle i
height-vertical acceleration relation” is used to limit the speed on
the basis of driver tolerance to vertical acceleration. Examples of ;
these relations are shown in the sketches below: E

roslopes (slopes longer than wheelbase or track length)
en into account in the model by use of classic formulas
due to pravity as shown in the tollowing sketch.

2.5 g vertical acceleration
in the driver's compartment

‘

s as ditches, dikes, etc., a two-dimensional geometric - cles
is constructed to determine if interference will occur, Speed, mph Speed, mph
jme the maximum vehicle attitude angle that will occur as

Cverride Obstacles,
Obstacle Height, in.

1b

Force Required to

Q=in., Obstacles
s -

E © negotiate the obstacle. s Examples are shown in the The effect on vehicle speed of small scale irregularities which are %
E avoided is determined by the area denied-speed relations cited above, i
o~ -
; . >/7 -5 VEGETATION a
] - o d
: -~ 3
T AT |
: o - - o The effect of overriding vegetation on speed is considered by i

Maximum Attitude Angle, « the model in terms of force required to override multiple trees. Estab-

lished relations“ of stem diameter-spacing ~ work required to override &
. end maximum bending stress for speeds of 0.1 to 17.0 mph at a range of
: pushbar heights are used to derive the relation of average force required
br the vehicle to negotiate the maximum vehicle attitude to override multiple trees and stem dlameters overridden. An example of

M the maximum force required due to the abrupt irregularity, the derived relation is shown below:

\

obstacles
, craters, and other larze-scale nonlinear cbstacles which

Eide (vertical obstacles) o. may avoid (latera). cbstacles)

same manner as the large-scale linear obstacles insofar as

. For those which may bﬁ avolded, the effect on speed is

denied-speed relation.” This is en emplirically established

which indicates the effect maneuvering has on speed when the

A the limits of 10 percent and 60 percent. When area denied
t, there is no effect on speed; when area denied is greater

tarea is impassable. The general form of the relation is

low. Stem Diameter*

S

Avg. Force Required

to Override

Multiple Trees, lb

The force required to fail s single tree of each size 1s compared to the ]
force the leading edge of the vehicle can withstand to determine the max=- 3
imum size tree that can be overridden and is also used to determine longi-
tudinal acceleration of the vehicle in a further check that limits the

i \\\ size tree overridden to one that wil. not produce a longitudinal accelgr-
N ation greater than the driver's tolerance (2.0 g). 4

e Maximum speed of vehicle

fxr;;"ﬁg"iéa g T -> *Except when otherwise indicated, stem diameter refers to maximum size
hitd n » e overridden, hence all smaller stems are overridden and all larger stems ]
3 are avoided, 4
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jause vibration

p or non-linear
funavolidable,
used to de-

e speed-obstacle
t the speed on

. Examples of

'
i

pical acceleration
plver‘s compartment

[2e

ities which are
!_ons cited above.

; considered by

kiple trees. Estab-
quired to override
?mph at a range of
lverage force required
[dden, An example of

3
!

T

e v

e is compared to the
k40 determine the max-

ed to determine longi-

ck that limits the
longltudinal acceler-

Maneuvering

The effect of maneuvering (avoiding trees) on vehicle speed is
determined by the area denied - speed relations in a manner a.ne.logouu
to that for non-linear obstacles,

Visibility

The constraint placed upon speed by visibility is considered to
be a function of the distance at which a driver can recognize an cbstacle
he wishes Lo svoid. While the recognition distance-speed relation is
not well=defined at the present time, some work has been done in this
areaf, and the general form of the relation has been estsblished ag in-
dicated in the following sketch:

Speed, mph

Recognition Distance, ft.

HYDROLOGIC GEOMETRY

Although vehicle performance in features su ! as streems and
channels is s part of the WES model, predictions for these features
are generally made separately, Consideration is given to whether or
not the vehicle can negotiate the obstacle, and if so, thc time re-
quired is determined, based on an arbitrary speed for entry and exit,
and for fording. The rated water speed is used to compute the time
required for swimming. The results of certain work to date involving
stream crossings in troplcal and temperate areas and the gydrologic
feature = vehicle relations will be presented in a report® now under
preparation at WES., From the knowledge gained in these studies, the
entry and exit speed and fording speed is consicered to be 2.C mph,

FUEL CONSUMPTION

Fuel consumption rate-speed relations for fuli-locad and no-load
conditions are used in the model to develop average fuel consumption
rates for the vehicle when the engine is producing maximum power and
when the engine is idling.

When the speed is limited by traction the average rate for full~
lord condition (meximum power) is used.

When the vehicle is going down slope and the effect of gravity
exceeds the resisting force, the average rate for no-load condition is

used.

When the predicted speed is limited by factors ocher than traction
avallable, e.g., dymeamic response, visibility, the ratio of the force
required to propel the vehicle to the maximum tractive force availabla
at the predicted speed is used to linearly interpolate between the
average fuel consumption rates for no-load and fuli-load conditions.

medua el b S LV L L demban b i i S e S eaa

Dol i s . o e S e s 2
e, Yot i i i VAT 0 kbt oo ks .;m.m.uv.lJ

Dl e S A

b

s

i -




TR MEER ST gyt TR TITER TmERERT T AT T R e Ty YT AT g Ve YT AT e
N M YTy 1 T

i oata LR & oot - ST TR T - — b Sl ek & cia Ui b bl

AKFATL, TERFAIN UNITS
3 Slep 4. Using the relations of:

to be overridden, and vertical obst
the relation of speed (as controlledj
obstacle height illustrated in the fy

hLadat

The method by which performance is predicted for a speclific arnal ter-
rain unit is outlined bricfly in the following seven steps.

Step 1. Determine the tractive force (Tf‘,. - speed relation consider- ‘

X ing the effects of soll strength, motion resistance, Rs’ and resisting force

.
re

rrh

. due to geavity, Fs'

3 Step 2. Determine the avcrage force, I'Om, required to override vertical

ing
)

obstnacles and subtract from tructive force available at al) speeds as indicated
on the fol'owing sketcn.

1]
oo
5 &
8% |
£ 4§ 3
! 'Y
4 Corrected for the effects of soll strength, wheel ulip, oy
b A and slope (step 1) 44 /q
- o 09
M &0
2 ) YA
5 orrected for the force required to override vertical S 5 :
™4
obstacles < 6 in. high o //K{
.. 2 g8 L 1
| bt orrected for the force 1equired to override s / 7 i
Y ?} verticel obstacles € 9 in. high = ’
2 o] Stem Dismeter 1
5’ . 4
g NN, Step 5. Using the relutions dem
) ~. - lation of force, Fp, required to ace
: 0 Speed, mph — cent area denied determine (a) the s
3 and Fp &s & fu.nction of stem diametd
: as a functlon of total resisting fol
4 The above relation is not computed for vertical obstacles dntermined to be inp- spced #s a function of stem diametex
3 passable due to obstacle-vehicle geomevry interference, insufficient tractior procedure is shown in the t‘ollowing{
g or exceeding the driver toleranc. tn vertical acceleration. :
- 3
[ Step 3. Detemine the average force. Fo’ required to override multiple ;
; tree stems up to and including the maximum stem size s vehicle can cverride, :
'E and determine a speed based on the summation of the resisting forces R s I 5! 9-in. Obstacles !
and F « The procedure is illustrated grapl.ically belc.. 4* overridden / 3
L \\ 1
3
Q )\ A o / .
3 - ) . ]
3 P o \/Corrected for the effects of soil S -in, Obst_:acles i
& oie strength and slope w 'o _ overrldden i
bt = R R
| = & R —-— ===
i ) \ 0 E
- [=] W wl + N
g Lol > \ v _n J i
2 t o m i
k] © \ A - ]
i 0 -] N~ Stem Diameter *
[ ™ -~ i
; %o - R [ R .
; qH.vp o—--'..-‘--.' :‘\‘h'-'\
’ bk . N =~
‘ ]
ou >
) > + ' v o
3‘-' <R, ' . o
- - - ~ ~— S8
Stem Diameter Speed, mph 3 E~
3 2]
1 £ R h
Bw'o
L 8 .5 l’i.
The computations of F‘o and the corresponding speeds are terminated when the o bl
; maximum stem size a vehicle can override is determined as a result of con- %E ;w
slderation of tractlon available, vehicle damage, or driver tolerance to 0 M

horizontal acceleration.
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? APPLICATION OF THE WES MODEL

g the relations of percent area denied, stem diameter

and vertical obstacle height to be overridden, develop
eed (as controlled by maneuvering), stem diamecer, and
lluatxated in the following sketch.

oz o

e

P

Obstacles > 9 in. avolded

Obstacles » G in. avoided

’/fff k;-‘\ —

>

"1 T T T AT TR S TR T e,

Stem Diameter

Bing the relations developed in previous steps, and the re.
ly Tr, required to accelerate during maneuvering versus pre-
@, determine (a) the average resisting force Rg, Fg, Pq,
ption of stem dismeter 2 stem diameter overridden, (b) speed
# total rosisting forces Rg, I'g, Fo, Fp, 8nd Fop, and (o)
fion of stem diameter 2 stem diameter to be overridden. The
own in the following sketches,

{

fostacles

X

;den / l\l«f 6~1n, Obstacles overridden
b
A
\/ b
; -in, Obstacles »
%
overridden 5
; - e ms e em e - pat
T T T T T 9-in Obstacles
E 5 | \\\\ overridden
] vy Y o

( RS +Fs+Fo+rr3

Y

R b

Stem Diameter

ing obstuacles ng 1llustrated in the following sketch,

Step 6. Predict speed 8¢ on the basls of trade-off between overrd

et sl

2
c
o
: o+
©
c
=
2
»
[ FERT WY - SV

9-1n, \
obstacles f

=

BH overridden - / P\ 2— Trade-off speed
L

b Obstacles > 9 In,

‘% avolded 4?_,- Hein,

Z

H

1
Step 7. Predict a speed, Sy, on the basis of the recognition diug
maximum distence at which a driver can recognize an obstacle he must 8
the lower of St or Sy 8s the predicted speed for the terrain complex. ’
speed, the fuel consumption relation and the cargo cuapacity, determinex
ion rate and the delivery vote,

\

Stem diameter

LINFAR TERRAIN UNITS

Predictions of the time required to cruss streoms, rivers, etc. ai
determining if the vehicle can cross the feature unassisted, Determin|
1

follows: M
i

For &l] vehicles. Will bank configuration cuuse interference
Are water entry and exit angles acceptoblel
Is sufficient traction available? ’
Is stream velocity acceptable?

For fording vehicles. Is fording depth exceeded?

CeLLEae.

¥or deep fording vehicles, Is Submersible time exceeded?

If the vehicle can cross anassisted the time required is predictq

For fording vehicles. Entry and exit distance divided by av:ﬁ
and exit, plus fording distance divided by fording syp2ed, plus time

fording kit,

i
For amphibious vehicles, Entry and exit distsnce divided by j
plus swimming distance divided by swimming speed.

If the vehicle cannot cross unassisted the application of engin&ﬂ
winching, towing, bridging, etc., is considered and a time penalty def
sumption in hydrologic geometry features is predicted using the same §
to areal terrain units with the following special considerations: ;

Entry and exit. Full-load fuel consumption rate is used for d
no-load Tuel consumption rote is used for one-half the time.

Fording. Fuel consumption rate is interpolated by ratio of ﬂ
to tractive force available at fording speed 1
:
§
i

Swimming., No-load fuel consumptior rate is used.

Penalty time. Ne-load fuel consumption rate is used for oneJ
.o fuel 1s conslderea used during the other half of penalty time, b

Delivery rate in hydrolog?. ometry features is predicted by d¥
tance across the feature by the cotal time to arrive at un average sy
this speed by the cargo capacity of the vehicle, 9




ecd 3t on the basis of trade-off between overriding and avolde
ated in the following sketeh,

L

et

; ubstacles » o in, avolded

'9-in. \\\\
obstuclas 0
overridden <
Obstacles > 9 in>(
svolded

5 ‘. }

‘8 speued, Sy, on the basils of the recognition distance, i,e, the
&ch @ driver can recognirze an obstacle he must uvold; ond select

@a the predicted speed for the terrain complex. Using the sclected
ption reiation and the cargo capucity, determine the fuel consumpt-

mry rate,

/

/ “®&___ Trade-off speed, Sy

{

Stem diameter

LINFEAR TERRAIN UNITS

j¢ time required to cross streams, rivers, etc, are made by first
dcle can cross the feature unassisted. Determinntions are made as

r O o ad n ks b AL e o 2L A B 2 ot M

éles. Will bunk configuration cause interferencu?
B ‘Are water entry and exit angles acceptuble?
Is sufficlent traction available?

Is stream velocity acceptable?

" :
R A
; ) ° i
thicleb. Is fording depth exceeded? ?
8ing vehicles, Ts submersible time exceeded? ’1
dn cross unossisted the time required 1s predicted as follows: ‘3
L iy
ghicles. Entry and cxi: distance divided by average specd for entry 3
& distance divided by fording speed, plus time required to install ]
;
:
E vehicles, Entry and exit distunce divided by entry and exit speed, X
B divided by swimming speed. i
annot cross unassisted the application of engineering e ‘fort, such as
ging, etc., is consldcred and a time penalty determine ., Fuel con-
e geometry features is predicted using the same techniques applicuble
I8 with the following special ccnsiderations: 3
; i
1

t. Full-load fuel consumption rate is used for one-half the time,
on rute is used for one-half the time,

bl consumption rute is interpolated by ratio of tractive force used
Mlavle at fording speed, «

load fuel consumption rate 1s used,

§ No-load fuel consumption rate is used for one-half the penalty time,
i used during the other half of penalty time.

hydrologic geometry features is predicted by dividing the total dise
ure by the total time to arrive st an average spced and multiplying
pgo capacity of the vehicle,

o
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\ APPENDIX B: EVALUATION OF DYNAMIC RESVONSE OF MT706 i
i
¥ ]
3 w-e. . Input Parameters Used .....—=i . ]
E Symbol Description Value i
n Number of axles 2
. 4
1 X,2 Height of axle C.G. above ground at full Joad, in. 22.60 9 é
: _ x Height of body C.G. above ground at full load, in. 41.87
Eﬁ L} Sprung weight, 1b 11,962 5 3
. - | 4
FEZ ul Axle to body C.G. distance, in. 57.75 ‘
: 3
- : ’
g L, Axle to body C.G. distance, in. 4T.25 i
3 ‘
[ Suspension to body C.G. distance, in.-—e———————e 16.83 1
3 1,2,3,4 ) ';
+ e i
o %.2’3’1‘ ?uspension to axle C.G. distance, in. 16.83
1) 1
o |
AL ' - e - . K
E!’ 1.1’2’3’,‘ ‘ Tire-to-axle C.G. distance, in 36.5 !
\ll Unsprung veight of axle, 1lb 2236 |s
A _ | 3
W, Unaprung weight of axle, 1b 2052 ; ;
: i 4
! 8, » Springs suspension reference distance—-—eeeeccee- 17.69 f :
o .
v : |
» ‘ 83 L Springs suspension reference distancee=eec—acwce- 17.44 L
]
3 , | E
F Rl 2.3.4 Tire reference distence (undeflected wheel i
a 1C0s radius) , 24.95 i )
‘; 'I_y " Body pitch inertia 1n.-1b/sec2 129,888 ‘ J
' i
+ T’ Body roll inewrtia in.-1b/gee’ - l fi
s _ §
“;i i3 Axle roll inertia 1n.-lb/sec2 - ;
3 1,2,z . :
i !
i
!

Bl
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Symbol Description
D Driver's position to body C.G. (long.
. distance)}, in.

l)2 Driver's position to body C.G.
(vert. distance), in.

D3 Driver's position to body C.G.

: {(1at. distance), in.

k 3 . Spring deflection versus suspension

: - . spring force
c 3 ) Suspension deflection velocity versus
. suspension force

KX 3 Tire spring rate of segmented wheel - 12 seg

-@ 10°, 1b/in,

ced Tire damping rate lb-sec/in.

NOTE: See fig. Bl for identification sketch.

Value

60.75
12.0
12.0
Fig. A2:
Fig. A3

980 1b/in.

0
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Wheel 1 «.ﬂ‘ +~Wheel 2

o K]

Spring and Shock ~1 “~__8pring and Shock : ‘:

Absorber No. 1 Absorber No. 2 b

C. 0. (Pront ixle)
GO

° Drivers Location—]

T

C. G. (Rear Axle)

_SBpring and Shock cd
Absorber No. 4 o

RIS i g il SR

Spring and Shock .
Absorber No. 3

|
A

Wheel 37 L‘\Hheel " 3
E;’ra
5. !
i 3
g
’ o Body C.G. f i
. iBody C.G. ' d/ : ;
b i
- ‘l,) Drivers T
D Location ; 5 1
4 X . +°1,2,3,b !
l] Axle C.C.., j['% _ Axle c.c;7 1
PR Rands . | i I Mt N | S
Tl N | *,51;2:,;.!;_1. ' , ‘<
Ground Reference Ground Reference A
Axle and Body in Static Position Axle and Body at Position of No Load E
on Tires or Springs )
Fig. Bl. Schematic drawing of input da.ta. for the MT06 dynamic )
response mathematical model Lo
B3
b
i
. 3
o3
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APPENDIX C: EFFECT OF SOIL STIENGTH ON VEHICLE PERFORMANCE

1, At the conclusion of the wet-season analysis during the first phase
of the study reported herein (see paragraph 3 of main text), additional gen-
eral analyses were made of the effects of soil strength on vehicle performance,

in an attempt to provide a more comprehensive treatment of this subject than
was possible in the limited study. The performances of only four vehicles--
M656, M54A2, M520, and M548--were analyzed. Speed, delivery rate, one-pass
vehinle cone index (VCIl), and overall trafficdbilify in the United States
and Thailand were investigated and are discussed in the following paragraphs.

RN

Maximum speed performance

2. To give an indication of the relative effects of soil strength on
speed performance of the four vehicles, maximum speeds were determined over
a range of soil strengths from th: minimum required to complete one pass
& cone index of 300 for a clay of uniform stréngth and for a pavement. The

. maximum speed values were determined acéording to procedures described in
WES Technical Report No. 3-783, "An Analytical Model for Predicting Cross-

Gaibhii SaaaalEs, T iiins of 4 iy s

Country Vehicle Performance," now in preparation. These dats are plotted in
fig. Cl. The value of the abscissa of each curve at Y = 0 in fig. C1 is the

minimum soil strength required to permit one very slow pass of the vehicle

(VCIl). The computed VCIl valnes for the four vehinles are:

Vehicle ver,
M656 23
Mska2 27
M520 30
. M548 25
3. The VCI1 determination was made for the M58 by using the WES mobility

index equation for tracked vehicles.* Once the mobility index was computed,
the 50-pass vehicle cone index (VCI
table Cl. The VCI

50) was determined from data shown in

for the M548 is approximately 50 percent of the VCI

1 50.

*Knight, S. J., “Trafficability of Soils, A Summary of Trafficability Studies
Through 1955," Technical Memorandum No. 3-240, 1Lth Supplement, Dec 1956,
U. 8. Army Engineer Waterways Experiment Station, CE, Vicksburg, Miss.
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Delivery rate

L. A comparison of the performance of the four vehicles on the basis of
delivery rate in ton-miles/hr as a function of soil strength is illustrated in
rig. C2. (Delivery rate was obtained by multiplying speed and cargo capacity.)
The M520 performance is much cloger to the performance of the other wheeled
vehicles (M656 and M5LA2) than to that of the M548, as opposed to the speed
performance shown in fig. Cl, because the rate cargo capacity of the M520 is
8 tons, that of the M548 is 6 tons, and those of the M656 and the M5LA2 are
5 tons each. Note that the delivery rates shown in fig. C2 are considerably
highef than those listed in paragraph 91 of the main text, which are delivery
rates established by considering the combined effects of all terrain factors.
For example, the average delivery rate for the M520 between 60 and 40 cone
index determined fram fig. C2 is 90 ton-miles/hr, compared to 38.4 listed in
paragraph 91 for the wet-season soil strength combination of 60 or LO RCI.

Trafficabile areas in the United
States and Thailand

s i i &

5. The performance data illustrated in figs. C1 and C2 shovld be inter-
preted in terms of mission requirements or, in the absence of this type of

information, knowledge of the frequency of occurrence of various soil strengths
within the operational area of intefest. The type of information of value
in meking basic decisions in all phases pertinent to ground vehicle mobility
is shown in fig. C3*. When something is known about the frequency of occurrence
and topégraphic position of soil strengths in an area, the importance of this
factor can be evaluated in relation to others that are pfesent; for example,
in selecting vehicles to meet operational mission requirements.

6. Comparative data taken fram fig. C3 and based on the individual
VCI, values are summarized below.

1
Percentage of Areas Trafficable
Thailand. U. S.

Wet High Wet High
Vehicle Season Moisture Season Moisture
M656 96.0 93.0 99.0 92.0
M54A2 95.0 90.0 98.7  87.5
M520 g9h.5 87.5 97.5 84.8
MSL8 95.5 91.5 98.8 89.7

C3
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. L3, Cumaletive frequency of rating cone indexes
in United States and Thailand
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The wet-season category is based on high and low topographic positions, while
the high-moisture category is only for low topographic positions. Bccause the
data in fig. C3 are biased tovard wetter-thun-average conditions, estimates of
percentages of trafficable areas made fram the curves will be smaller than
actual, i.e. on the conservative side. Environmcnts having soil strengths
less than 25 RCI, such as marshes and swamps, are porticularly troublescme

to ground vehicles, Consequently, special vehicle configurations, such as

the marginal terrai: vehicle. have been built to provide some degree of
mobility in these environments. Such env{ronnentl are beyond the operational

context intended for conventional cargo vehicles.
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25.3
L

38.3
38.7

Table Cl.

MOBILITY INDEX VS VEHICLE CONE INDEX

Mo VeI ML  VCI ML VCI
31 39.2 6T 55.6 103 T2.0
32 39.7 68 56,1 104 T2.b4
33 bo.1 69 56.5 105 T2.9
3h  K0.6 70 57.0 106 7T3.3
35 k1.0 7T 57.4 107 T3.8
36 L5 T 57.9 108 Th.2
37 k2.0 73 58.3 109 Th.7
38 h2.4 7+ 58.8 110 75.1
39 hag ‘ 75 59.2 m 75.6
Low 434w 76 59.7 12 76.0
L1. 143.8. 77 60.2 113 T76.5
ke Lh.3 78 60.6 114 T7.0
h3 M.T 79 6101 ¢ 115 Woh
I k5.2 80 6l1.5 16 TT.9
L5 45.6 81 6é2.0 117 78.3
k6 46,1 82 62,4 118 173.8
b7  U6.5- 83 6.9 119 T79.2
4  47.0 8k 63.3 120 79.7
L9 L7.b 85 63.8 121  80.1
50 b7.9 86 64,2 122 80.6
51  48.4 87 6.7 123 81.0
53  49.3 8 65.6 125 82,0
sh 49.7 90 66.1 126 82.4
55 50.2 91 66.5 127 82.8
55 50.6 92 67.0 128 83.3
sg 51.1 93 67.4 129 83.8
5 51.5 94 67.9 130 8k.2
59 52.0 95 68.3 131 8h4.7
€0 52,4 96 68.8 132 85.1
6L 52.9 9T 69.2 133 85.6
62  53.3 98 69.7 13k 86,0
63 53.8. 99 T0.1 135 86.5
64 54,2 100 T70.6 136 B86.9
65 54T 101 Ti.1 137 8T.h
66 © 55.2 102 T1.5 138 87.8

# For MI above approximately 4O, VCI obtained from equation:

VCI = 25.2 + O.ll-Sllv x ML
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verse under Jry-season conditions (60 or 40 rating cone index) and wet-season condi-
tions (60 or 35 rating cone index). PFour of the vehicles (MG56, M5hA2, M520, and
M548) were tested also under wet-geasen conditions of 60 or 40 rating cone index.
Wet~-season conditions usually reduced vehicle performence. However, soil strength wns
not as significant as other terrain ractors in evaluating the vehicles over the
selected traverse because ‘he soil strangtha used were higher than the vehicle cone
indexes of all the vchicles; 80 no vehicles were irmobilized btecause of sof't soils.
No oie vehicle provided optimum mobility for all the terrain conditions encountered on
the traverse over which predictions were made, Further, neither wheels nor tracks
appeared to consistently give better performance. The ML13Al had the highest average
traverse and center-line speeds in the dry season, and the M571 had the highest speeds
in the wet. The M54A2 had the lowest traverse and cenier-line speeds in boih seasons.
The MS7L consumed less fuel on che average in the dry season, and the M561 and M571
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13, Avsiract (cont'd) consumed the least in the wei. The M54B8 consumed the wost
in the dry season and the 60 cr U rating cone index wet seasc iy the M520 the most in
the 60 or 3% rating cone index wet seasor. e M520 had the aighest delivery rate in
both seasons and the M37Bl the lowest, A recommendatior was made that the mission
enviromaent for any new vehicle be defined in quantitative {erms hefore the new vehicle
is developed. Appendix A describes the WES analytial model in an abbreviated form;
Appendix B, the evaluation of the dynamic response of the M706; end Appendix C, some
sdditional general anulyses of the effects of soll strength on vehicle perfurmance.
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